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Due,  in  part,  to  the  growth  of  the  phosphate 
fertilizer  industry,  fluoride  pollution  of  the  air  has 
become  an  area  of  major  concern.   Since  the  state  of 
Florida  is  the  center  of  this  industry  in  the  United 
States,  air  pollution  from  the  phosphate  fertilizer 
industry  is  a  major  problem  in  certain  areas  of  the  state. 
Fluoride  air  pollution  is  a  matter  of  great  concern 
since  even  at  very  low  levels  it  is  known  to  produce 
detrimental  effects  on  vegetation  and  animals. 

Phosphate  fertilizer  manufacturing  complexes 
normal  I3'  have  acid  plants  associated  with  them  which 
produce  the  acid  necessary  to  convert  the  highly  in- 
soluble fluorapatite  in  phosphate  rock  to  a  more  readily 
available  form  of  a  nutrient  phosphate.   One  of  the  most 
common  methods  of  producing  fertilizer  grade  phosphoric 
acid  is  via  the  wet-process  phosphoric  acid  process. 


In  this  process,  the  reaction  between  the  phosphate  rock, 
sulfuric  acid,  and  recycled  weak  phosphoric  acid  releases 
fluoride  gases  which  may  be  harmful  to  plants   and 
animals  if  not  closely  controlled. 

With  this  in  mind,  a  research  project  was  ini- 
tiated to  study  the  effects  of  operating  variables  upon 
certain  types  of  air  cleaning  equipment  and  the  effi- 
ciency of  fluoride  removal  from  wet-process  phosphoric 
acid  reactor  gases. 

For  this  study,  a  portable  pilot  plant  was  construct 
ed  on  two  semi- trailers ,  taken  to  a  650  tons/day  wet- 
process  phosphoric  acid  plant,  and  connected  into  the 
center  compartment  of  the  reactor  tank.   The  air  clean- 
ing equipment  used  in  this  study  included  a  2600  cfm 
capacity  cyclonic   spray  chamber,  a  2600  cfm  capacity 
venturi-cyclonic  demister  scrubber,  a  350  cfm  capacity 
baffle  plate  impingement  column,  and  a  1000  cfm  capacity 
variable  throat  venturi.   The  effects  of  liquid  and  gas 
flow  rates  and  type  of  scrubbing  liquid  upon  fluoride 
removal  efficiency  were  studied.   The  types  of  scrubbing 
liquid  used -were  well  water  and  gypsum  pond  water. 

In  the  case  of  scrubbing  with  well  water,  fluoride 
removal  efficiencies  of  63.2  to  96.1  percent,  for  less 
than  1.5  inches  of  H?0 ,  and  for  an  energy  input  of  less 
than  0,7  horsepower/1 0C0  std  cfm,  are  possible  using  the 
cyclonic  spray  chamber.   Efficiencies  of  88.3  to  99.5 
percent,  for  less  than  15  inches  of  H^O,  and  for  an 
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energy  input  of  less  than  3.7  horsepower /1 000  std  cfrn, 
are  possible  using  the  venturi-cyclonic  demister  scrub- 
ber.  Efficiencies  of  90.1  to  99.0  percent,  for  less 
than  8.5  inches  of  I^UO  pressure  drop,  and  for  an  energy 
input  of  less  than  1.0  horsepower/1000  std  cfm,  are 
possible  using  the  baffle  plate  impingement  column. 
Efficiencies  of  92.9  to  97.8  percent,  for  less  than 
40.0  inches  of  FUO  pressure  drop,  and  for  an  energy 
input  of  less  than  4.3  horsepower/1000  std  cfm,  are 
possible  using  the  variable  throat  venturi. 

In  all  instances,  scrubbing  with  gypsum  pond 
water  produced  lower  removal  efficiencies  than  scrubbing 
with  well  water  at  approximately  the  same  pressure  drops 
and  energy  requirements. 

The  fluoride  removal  efficiencies  developed  by 
the  equipment  studied  were  not  sufficiently  high 
to  meet  the  requirements  necessary  for  emission  control 
from  this  process.   Two- stage  scrubber  installations  are 
required  if  the  fluorides  from  the  reactor  are  to  be 
brought  under  control.   Since  two -stage  scrubber  installa- 
tions are  necessary,  gypsum  pond  water  would  be  the 
preferable  scrubbing  liquid  because  the  use  of  this 
liquid  will  not  disturb  the  existing  water  balance 
established  in  the  process. 


CHAPTER  I 
INTRODUCTION 

The  emission  of  fluorides  into  the  ambient  air  has 
long  been  a  concern  of  many  people  and  with  the  growth 
of  certain  industries   fluoride  pollution  of  the  air  has 
become  more  of  a  problem.   The  accepted  threshold  limit 
value  for  human  exposure  under  industrial  conditions  is 
3  ppm j  however,  atmospheric  pollution  would  involve 
concentrations  far  below  this  level.   Criteria  for  ambient 
fluoride  levels  are  being  prepared  by  the  National  Air 
Pollution  Control  Administration  under  provisions  of  the 
Clean  Air  Act  of  1967.   The  American  Industrial  Hygiene 
Association  has  recommended  the  following  air  quality 
levels  for  gaseous  fluorides,  expressed  as  HF  by  volume: 

4.5  ppb  average  for  12  hours 

3.5  ppb  average  for  24  hours 

2.0  ppb  average  for   1  week 

1  .0  ppb  average  for  1  month 
There  has  been  no  demonstrated  case   of  chronic  fluorosis, 
or  acute  poisoning,  resulting  from  humans  breathing  air 
containing  these  low  concentrations  of  fluorine  com- 
pounds.   Although  some  have  suggested  that  fluorine 
compounds  may  have  been  the  prime  agents  in  the  Meuse 
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Valley  and  Donora  air  pollution  disasters,  no  evidence 
has  been  presented  to  substantiate  these  claims,  '  ' 

Fluoride  contaminants  may  be  emitted  to  the  ambient 
air  in  a  wide  variety  of  industrial  processes  in  which 
fluorine  compounds  are  manufactured,  utilized,  or  are 
present  as  impurities  in  the  process  materials.   The 
processes  include  but  are  not  limited  to: 
Major  sources 

1 .  Phosphate  fertilizer  manufacturing 

2.  Aluminum  manufacturing 

3.  Steel  manufacturing 
Minor  sources 

1 .  Brick  and  tile  manufacturing 

2.  Enamel  frit  manufacturing 

3.  Manufacture  of  fluorine  compounds 

4.  Power  generation 

5.  Use  of  fluorine  compounds  as  catalyst; 

6.  Manufacture  of  motor  fuels 
Although  the  previously  mentioned  industries  have  been 
recognized  as  producing  damage  in  some  instances,  numer- 
ous other  industries  may  emit  fluoride  compounds  to  seme 
extent  in  processing  of  minerals  and  ores.   This  is  due 
to  the  wide  distribution,  frequently  in  small  concen- 
trations, of  fluorine  throughout  the  earth's  crust. 
Recent  estimates  have  placed  fluorine  as  the  thirteenth 
most  abundant  element  in  the  earth's  crust. 


Seinrau  and  Specht   consider  Che  manufacture  of 
phosphate  fertilizers  as  the  most  important  source  of 
fluoride  contamination  of  the  atmosphere.   Since  Florida 
produces  approximately  70  percent  of  the  nation' s phos- 
phate rock,  air  pollution  from  this  industry  is  a  major 
problem  in  certain  areas  of  the  state.   The  objective  of 
this  research  was  to  study  fluoride  emissions  and  their 
control  from  one  of  the  processes  involved  in  the  phos- 
phate fertilizer  industry  located  in  Florida  and  all 
discussion  from  this  point  on  will  be  limited  to  this 
industry  and  its  manufacturing  processes. 

The  recovery  of  fluorine  effluent,  gaseous  and 
particulate,  from  the  phosphate  industrial  operations 
presents  three  equally  demanding  problems.   First,  level 
of  recovery;  second,  operational  dependability;  and  third, 
capital  investment  and  operating  costs.   The  recovery  of 
gaseous  fluorine  compounds  is,  at  present,  most  economical- 
ly achieved  by  absorption  in  water  or  in  other  aqueous 
solutions.   The  design  of  a  fluoride  recovery  system  is 
not  without  many  problems,  some  of  which  are: 

i .   Multiple  contaminants  within  an  effluent 
stream. 

2.  Low  concentration  of  inlet,  gas  and  the 
extremely  low  concentration  requirement 
for  effluent. 

3.  Limitation  in  choice  of  scrubbing  medium. 


4.  Lew  pressure  drop  requirements  for  the 

systeir. . 

5.  Disposal  of  scrubbing  solution. 

In  order  to  optimize  the  costs  involved  in  con- 
structing and  maintaining  recovery  systems,  the  following 
steps  are  necessary: 

1 .  Determination  of  optimum  scrubbing  solu- 
tions . 

2.  Determination  of  optimum  scrubbing  equip- 
ment configurations. 

3.  Determination  of  optimum  liquid-gas  ratios, 
This  research  effort  dealt  with  specific  gas- 
liquid  absorption  processes  utilizing  four  types  of 
scrubbers  and  two  scrubbing  solutions.   The  types  of 
scrubbers  studied  were: 

1  .   Airetron  Engineering  Corporation  modified 
low  pressure  drop  venturi. 

2.  Airetron  Engineering  Corporation  modified 
cyclonic  spray  chamber. 

3.  Peabody  Engineering  Company  impingement 
baffle  plate  column. 

4.  American  Air  Filter  Company  variable 
throat  venturi. 

The  scrubbing  solutions  studied  were: 

1.  Gypsum  pond  water,  pH  2,  available  at 
all  plant  sites. 

2.  Well  water,  pH  5  to  7,  available  at  all 


plant  sites  and  lowest  cost  buffer  for 
gypsum  pond  waters. 
This  study  sought  to  answer  the  following  questions; 

1 .  Whit  is  the  relationship  between  the 
operating  variables  and  removal  effi- 
ciency? 

2.  What  are  the  mass  transfer  characteristics? 

3.  What  are  the  optimum  energy  requirements? 

4.  What,  is  the  maximum  fluoride  removal? 
The  major  independent  variables  studied  for  each 

system  were: 

1.  Scrubbing  solution. 

2.  Liquid  and  gas  flow  rates. 


CHAPTER  II 
PHOSPHATE  INDUSTRY  IN  FLORIDA 

Phos phate  Fertilizer  Manufacturing  Processes 

Florida's  phosphate  industry  had  its  start  in  the 
1830's  when  phosphate  pebbles  and  fossil  bones  were  dis- 

7 

covered  in  the  Peace  River  south  of  Fort  Meade.'   Early 
mining  efforts  soon  were  shifted  from  the  river  bed  to 
near  Bartow  and  Mulberry,  where  land-locked  phosphate  of 
much  higher  grade  could  be  obtained  at  far  less  cose. 
From  this  small  beginning,  the  phosphate  industry  in 
Florida  has  grown  to  an  industry  which  at  the  present 
time  exceeds  40  million  long  tons  a  year  or  approxiirately 
70  percent  of  the  nations  output. 

The  principal  use  of  phosphate  rock  is  in  the 
production  of  fertilizer.   Other  products  are  phosphorus, 
phosphoric  acid  and  ferrophosphate.   By-products  of  the 
phosphate  industry  include  gypsum,  fluorine  compounds, 
sulfur  dioxide  and  carbon  dioxide. 

Geology 

Two  general  types  of  phosphate  ore  deposits  serve 
as  sources  of  high-grade  material.   One  is  of  igneous 
origin;  the  other  sedimentary.   Both  nave  essentially  the 


same  phosphate  mineral,  calcium  phosphate  of  the  apatite 
class  of  minerals. 

The  igneous  deposits  are  not  so  extensive  in 
number  or  as  easily  and  economically  processed  as  the 

o 

sedimentary  deposits.    This  type  of  deposit  accounts 
for  approximately  10  percent  of  the  world's  production 

from  mines  located  in  Russia,  South  Africa  and  South 

9 

America. 

The  major  phosphate  deposits  of  the  world  are 
sedimentary  in  origin  and  nearly  all  are  calcium  phos- 
phate.  There  are  two  types  of  sedimentary  phosphate 
deposits  --  guano  and  pellet.   Hutchinson  has  dis- 
cussed the  guano  type  in  seme  detail  in  his  work.   The 
pellet  deposits  are  the  major  deposits  in  the  world. 

They  furnish  over  80  percent  of  the  world's  phosphate 

n 
demands  at  the  present  time.   According  to  Emigh   they 

exist  in  many  parts  of  the  world  and  new  deposits  are 

periodically  being  discovered.   A  recent  discussion 

of  the  geology  of  these  deposits  is  given  by  Emigh. 

Recognizing  that  there  is  little  phosphate  in 

sea  water,  past  theories  have  tried  to  establish  how 

sufficient  quantities  of  phosphate  in  solution  could 

be  concentrated  in  any  one  place  to  furnish  the  large 

amounts  now  present  in  the  phosphate  deposits.   Some  of 

the  theories  that  have  been  postulated  are: 

1 .   Accumulation  of  remains  of  organisms 

due  to  local  destruction  of  sea  life. 


2.  Chemical  precipitation . 

3.  Phosphatization  of  animal  excrement . 

9 

Emigh   indicates  the  most  accepted  theory  at  this  date- 
is  the  one  postulating  chemical  precipitation. 

The  phosphate  deposits  in  Florida  are  divided 
into  three  types:   land  pebble,  hard  rock  and  soft  rock. 
The  land  pebble  phosphate  deposits,  centered  in  Polk 
and  Hillsborough  counties,  account  for  more  than  95 
percent  of  the  total  Florida  production.    These  de- 
posits are  apparently  ancient  placer  deposits  concen- 
trated by  wave  action  along  a  former  shoreline  or  shore- 
1 ine  s . 

The  hard  rock  depcsits  occur  in  a  narrow  belt 
extending  southward  from  northern  Florida  through  the 
western  half  of  the  peninsula  and  parallel  to  its  axis 
for  about  100  miles  to  a  point  about  halfway  down  the 
state.   In  this  type  of  deposit  the  phosphate  has  ap- 
parently replaced  other  types  of  rock  and  occurs  as 
fragmentary  rock,  boulders,  plate  rock,  pebbles,  and 
soft  phosphatic  clay. 

Soft  rock  phosphate  production  is  from  the  waste 
ponds  of  former  hard  rock  operations  and  from  colloidal 
clay  deposited  at  the  margins  of  the  land-pebble  phos- 
phate area.   The  depcsits  currently  being  mined  yield 
phosphate  rock  containing  from  65  to  SO  percent  BPL. 
BPL  denotes  bone  phosphate  of  lime,  Cao(PO, )? ,  and  is  used 

as  an  expression  of  the  grade  of  deposit. 


Mining 

In  the  land  pebble  area  of  Florida,  phosphate 
is  covered  over  by  deposits  of  quartz  sand  known  as  the 
overburden  ranging  in  thickness  from  5  to  50  feet, 
averaging  about  15  feet.   The  phosphate  ore-bearing 
material  known  as  "matrix"   consists  of  approximately 
30  to  60  percent  phosphate  rock,  15  to  40  percent  clay 
and  colloidal  phosphate,  and  10  to  25  percent  quartz 
sand,  is  found  beneath  the  overburden. 

In  mining,  the  overburden  is  removed  by  drag- 
linos.   After  the  overburden  is  stripped  off,  the  macrix 
is  removed  and  deposited  into  a  pit  where  it  is  sluiced 
into  a  sump.   The  slurry  formed  during  the  sluicing 
operation  is  pumped  from  the  sumo  to  the  flotation 
washer  plant.   Figure  1  depicits  the  flow  of  the  phos- 
phater  rock  from  the  mine  through  shipment. 

Washin?  and  Flotation 

At  the  washing  and  flotation  plant,  the  slurry 
of  water,  phosphate,  quartz  sand,  and  clay  passes 
through  two  processing  stages,  washing  and  flotation. 
Figure  2  describes  the  flow  of  rock  through  the  washer 
and  flotation  plant. 

Phosphatic  material  is  scrubbed,  washed,  and 
screened.   The  screening  separates  the  material  into 
two  sizes,  less  than  and  larger  than  1  mm.   Material 
not  passing  a  14-raesh  screen  comprises  pebble  rock 
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nil,    _  fi,., 
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which  is  more  or  less  free  from  quartz  sand  and  clay 
when  delivered  to  loading  bins  for  shipment.   The  smaller 
material  is  sent  to  feed  storage  bins  for  further 
processing  in  the  flotation  plant. 

In  the  flotation  plant  reagents  are  used  to 
separate  the  quartz  sand  from  the  phosphatic  material. 
Reagents  used  in  the  process  are  cajstic  soda,  fuel 
oil,  and  a  mixture  of  fatty  and  resin  acids  known  as 
tall  oil.   The  caustic  soda  cleans  the  phosphate  parti- 
cles and  regulates  the  pH  so  that  the  tall  oil  can  be 
properly  absorbed.   The  phosphate  rock  particles  then 
take  on  a  film  of  oil  and  when  agitated  float  to  the 
top  of  the  water  while  the  sand  sinks  to  the  bet  com, 

Benef icia tion 

Various  grades  of  rock  are  blended  on  a  conveyor 
belt  to  meet  specific  manufacturing  and  sales  require- 
ments.  The  rock  is  fed  into  either  rotary  or  fluidized 
bed  dryers.   Dried  rock  is  then  conveyed  to  grinders 
for  final  sizing  before  shipment  to  fertilizer  plants 
for  the  manufacturing  of  triple  superphosphate  and 
phosphatic  fertilizer  mixtures,  phosphoric  acid,  or  to 
produce  elemental  phosphorus.   Figure  3  illustrates 
the  rock  flow  in  a  typical  benef iciation  facility. 

Acid  Manufacturing; 

Most  phosphate  manufacturing  facilities  have 
sulfuric  and  phosphoric  acid  manufacturing  plants 
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associated  v/ith  them.   Figure  4  illustrates  the  acid 
flow  in  a  typical  acid-fertilizer  manufacturing  complex. 

Sulfuric  acid  is  manufactured  by  the  conventional 
Contact  Sulfuric  Acid  process.  _  In  this  operation 
elemental  sulfur  is  burned  in  a  combustion  chamber  to 
form  sulfur  dioxide  gas.   The  sulfur  dioxide  is  then 
passed  through  a  series  of  converters,  charged  with 
catalysts;  there  it  interacts  with  air  to  form  sulfur 
trioxide  gas.   This  gas  passes  on  to  the  absorption 
tower,  where  it  interacts  with  water  and  weak  sulfuric 
acid  to  form  the  strong  product  sulfuric  acid.   Figure 
5  is  a  typical  flow  diagram  of  a  Contact  Sulfuric  Acid 
process . 

In  the  manufacture  of  phosphoric  acid  by  the 
Wet-Process  Phosphoric  Acid  process,   ground  phosphate 
rock  is  mixed  v/ith  the  strong  sulfuric  acid  in  a  reactor 
to  form  weak  phosphoric  acid  and  gypsum.   The  v/eak 
phosphoric  acid  is  separated  from  the  gypsum  in  the 
filtering  step,  and  the  gypsum  is  pumped  to  ponds  for 
storage.   The  clean  phosphoric  acid  is  then  concen- 
trated to  54  percent  P^  strength  in  vacuum  evapora- 
tors.  The  54  percent  strength  acid  is  then  stored  for 
use  in  fertilizer  manufacture  or  for  further  concen- 
trating to  make  superphosphoric  acid.   Figure  6  is  a 
flow  diagram  depiciting  a  typical  phosphoric  acid 
process. 
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Figure  5:    Typical  Contact  Sulfuric  Acid  Process 
Flow  Diagram 
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Figure  6:    Typical  Wet-Process  Phosphoric  Acid 
Flow  Diagram 
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Fertilizer  Manufacturing, 

Triple  superphosphate  (TSP)  is  manufactured 
by  reacting  phosphate  rock  with  phosphoric  acid  in  a 
cone- type  continuous  mixer.   The  cone  discharges  to  a 
series  of  enclosed  moving  belts  called  the  "Den," 
where  the  mixture  completes  its  chemical  reaction  and 
solidifies.   From  these  belts  the  triple  superphos- 
phate is  sent  to  the  storage  pile,  where  after  further 
"curing"  it  is  ready  for  shipment.   At  this  stage  it  is 
called  run-of  pile  (ROP)  triple  superphosphate.   Figure 
7  illustrates  a  typical  triple  superphosphate  plant. 

Granular  TSP  is  made  from  ROP  triple  suoerphos- 

9  1  2 
phate,  '    In  this  process  ROP  with  a  small  amount  of 

water  is  rolled  in  a  granulating  drum  to  form  small 

round  pellets.   These  are  dried  in  a  rotary  or  fluid- 

ized  bed  dryer,  cooled,  screened  to  size  and  sent  to 

finished  product  storage. 

Diammonium  phosphate  (DAP)  is  made  by  reacting 

phosphoric  acid  and  anhydrous  ammonia  in  a  reactor, 

9  1? 
to  form  a  hot  liquid  DAP.  •    This  liquid  is  pumped  to 

a  granulator  where  it  mixes  with  recycled  material 

and  solidifies.   It  is  then  dried,  cooled,  screened 

to  size  and  sent  to  storage.   Figure  8  illustrates 

a  typical  diammonium  phosphate  plant. 

Elemental  Phosphorous  Manufacturing 

At  present  there  are  only  two  elemental  phos- 
phorous manufacturing  facilities  in  Florida.6   Elemental 
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phosphorous  is  manufactured  at  these  facilities  by  the 
electrothermal  process.    In  this  process  the  phosphate 
rock  is  mixed  with  coke  which  acts  as  a  reducing  agent 
and  silica  which  acts  as  a  flux  and  conveyed  to  electric 
furnaces.   As  the  furnace  charge  is  melted  the  ele- 
mental phosphorus  is  released  from  the  rock  and  passes 
off  as  a  vapor.   The  vapor  is  condensed  and  collected 
as  a  liquid  in  pans  under  water  below  the  condenser 
pipes.   The  elemental  phosphorus  is  then  stored  under 
water  because  of  its  instability  and  is  ready  for  use 
or  sale.   Figure  9  illustrates  a  typical  elemental 
phosphorous  plant. 

Air  Pollution  Associated  With  the  Phosphate  Industry 
Florida  phosphate  rock  is  a  non-crystalline 
phosphorite  consisting  principally  of  fluorapatite 

(a  complex  of  tricalcium  phosphate  and  calcium  fluoride) 

1  3 
having  the  approximate  formulation  3Cao(P0,)  '  CaF2. 

The  tricalcium  phosphate  is  only  slightly  soluble  and 

when  combined  with  calcium  fluoride  is  nearly  insoluble 

in  water.   The  fluorine  represents  3.5  to  4.0  percent  by 

weight  of  the  total  compound.   In  order  to  make  the 

phosphate  available  to  plants  or  animals  and  at  the  same 

time  non-toxic,  the  fluoride  must  be  removed. 

The  release  of  fluorides  from  the  phosphate  rock 

is  usually  accomplished  by  treatment  with  heat  or  acid. 

Unfortunately,  this  treatment  produces  fluorides  in  the 
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/ 
form  of  HF,  SiF,,  and  iUSiE,.   In  addition  to  the  gases 

and  vapors  released  from  some  of  the  chemical  processes, 

insoluble  dust  containing  upwards  of  4  percent  fluoride 

may  be  discharged  from  other  processing  facilities  such 

as  drying,  grinding  and  material  handling. 

Generally  in  the  presence  oF  reactive  silica 
from  the  rock,  fluoride  is  released  as  gaseous  silicon 
tetrafluoride  (SiF,),  which  readily  is  hydrolyzed  in 
the  presence  of  water  to  ELSiF, .   Silicon  tetrafluoride 
evolution  is  not  restricted  to  any  one  process  in  manu- 
facture of  fertilizer.   It  is  normally  given  off  in  the 
processes  of  (1)  acidulation,  (2)  concentration  by 
evaporation,  and  (3)  calcination  when  silica  and  water 
are  present. 

Specht  and  Calaceto   have  reported  the  fluoride 
evolutions  from  fertilizer  processes  given  in  Table  1 . 

TABLE  1 

FLUORIDE  EVOLUTION 
ACCORDING  TO  SPECHT  AND  CALACETO 

Process  g  F"/std  cu  m* 
Acidulation 

Satch  10.6  -  20.6 
Continuous  2.1  -   5.3 

Triple  superphosphate 

Granular  1.8-   3.6 

Phosphoric  acid 

Digestion  (Acidulation)        0.3  -   1.2 
Superpho spheric  7 .0  -  17.5 

*  Standard  conditions  not  stated 
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Huffstutler   '    reported  fluoride  emissions  "that 
are  probably  in  the  form  of  silicon  tetraf luoride"  as 
noted  in  Table  2 . 

TABLE  2 

FLUORIDE  EMISSIONS 
ACCORDING  TO  HUFFSTUTLER 

Process  £m  F"/hr 

Phosphoric  acid  plant                  1.8  -  79.5 

Phosphoric  acid  reactor                1.2  -  6.3 

Run-of-pile  triple  superphosphate     23.4  -  331.5 

Diammonium  phosphate                   8.5  -  39.0 

Granular  triple  superphosphate 4.2  -  102.6 

Shervin  has  reported  an  evolution  of  540  mg 
SiF,/std  cu  fc  from  a  28  ton  per  hour  superphosphate 
manufacturing  plant  using  phosphate  rock  from  Morocco. 

Fluoride   Toxicity 

Over  the  years  there  have  been  an  increasing 
number  of  reports  of  injury  to  livestock  and  vegetation 
due  to  atmospheric  pollution  by  fluorides.   The  impor- 
tance of  fluoride  as  an  atmospheric  pollutant  was 
emphasized  by  a  number  of  investigators  at  the  U.  S. 
Technical  Conference  on  Air  Pollution  in  1950.^ 

When  present  in  sufficient  concentrations, 
fluorides  in  gaseous  form  are  highly  toxic  to  growing 

vegetation,  humans  and  animals.   The  President's  Science 

1  8 
Advisory  Committee  ""  in  its  report  to  the  President 

ranked  investigations  into  the  systemic  effects  on 
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humans,  animals,  plants,  and  mnierials  in  the  highest. 
priority  catagory  along  with  sulfur  dioxide,  carbon 

monoxide,  and  carbon  dioxide.   The  minutes  of  the 

1  9 
Florida  Air  Pollution  Control    Commission  have  innumer- 
able pages  of  testimony  regarding  the  damages  to  vege- 
tation, animals  and  humans  caused  by  fluoride  emissions 
from  the  phosphate  industry.   The  International  Clean 
Air  Conference    meeting  in  London,  England  discussed 
the  damage  done  to  fruit,  vegetation,  gladiolus,  and 
cattle  in  the  Florida  phosphate  belt  due  to  the  toxicity 

of  the  fluoride  emissions.   The  President's  Science 

21 
Advisory  Committee    pointed  out  the  severity  of  the 

fluoride  damage  in  Southern  Florida  in  its  statement 

regarding  the  effects  of  phosphate  fertilizer  effluents 

2? 

on  citrus,  vegetables,  flower  crops  and  cattle.   Largent 

has  compiled  a  detailed  review  of  the  reported  effects 
of  fluorides,  from  all  sources,  on  vegetation,  animals 
and  humans. 

Vegetation  Damage 

Florida's  phosphate  belt  unfortunately  is  located 
in  the  same  general  area  that  for  years  has  been  used  for 
raising  citrus,  truck  crops  and  gladiolus  among  other 
vegetation. 

The  leading  agricultural  industry  in  Florida 
involves  the  growing  and  processing  of  citrus.   Heavy 
concentrations  of  citrus  groves  are  found  in  the  Polk- 


26 


Hillsborough  area  within  a  relatively  short  distance  of 
the  phosphate  area.   Citrus  damage  which  has  been  at- 
tributed to  gaseous  fluorides  includes  defoliation  of 
trees,  reduction  of  yield,  reduction  of  growth,  leaf 
burn  and  severe  chlorosis. 

Citrus  trees  have  formations  of  flushes  of  leaves 
periodically  through  the  year  which  renders  the  plants 
continuously  susceptible  to  atmospheric  fluoride  pollu- 
tion.  Studies  at  low  concentrations  and  long  periods 
of  exposure  have  been  used  to  determine  leaf  injury, 

growth,  productivity,  and  physiological  effects  in 

?1   74  25  26 
chronic  situations. ~ ' "  '   '     These  studies  indicate 

that  for  a  mean  concentration  of  atmospheric  fluoride 
of  10  rag/cu  m  for  2  months  to  2  mg/cu  m  for  12  months 
signifies n t  in j ury  occ ur s . 

Relatively  high  concentrations  and  short  exposure 
periods  have  been  used  to  simulate  a  fumigation  situation 
Acute  effects  of  leaf  injury  and  defoliation  have  occur- 
red at  8,000  mg/cu  re  for  15  minutes  to  400  mg/cu  m 

2q         27 

tor  2  hours.  ~'   Leonard  '  reported  on  controlled  experi- 

7  8 

merits  using  HF  for  fumigation  of  citrus  but  Taylor 

in  testimony  before  the  Florida  Air  Pollution  Control 
Commission  indicated  that  "data  concerning  yield  and 
leaf -fluoride  content  is  sufficiently  scarce  and  con- 
tradictory that  it  offers  little  scientific  basis  for 
establishing  a  threshold  limit  of  fluoride  in  foliage," 
Weinstein  and  McCune   at  the  same  hearing  indicated 
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that  fluoride  would  affect;  planes  differently  at  dif- 
ferent levels  due  to: 

1 .  A  critical  stage  in  the  development  of  tin 
plant  occurs  in  which  yield  is  most 
likely  to  be  affected.   The  stage  is 
usually  during  the  flowering  period. 

2.  The  age  of  the  foliage  affects  the 
sensitivity.   Younger  foliage  is  con- 
sistently more  sensitive  to  fluoride 
than  older  foliage. 

3.  Dilution  by  growth  and  losses  to  the 
soil  decrease  the  fluoride  level  in  a 
plant  with  time. 

4.  Some  fluoride  in  the  plant  will  be  con- 
verted to  an  inactive  state  in  time. 

5.  Some  investigations  have  shown  Chat 
intermittent  fumigations  may  be  less 
effective  than  continuous  exposures 
since  plants  show  a  recovery  process 
duri.ng  low-f luoride  periods. 

Winter  truck  crops  such  as  tomatoes ,  lettuce, 

com,  endive,  cabbage  and  other  vegetables  are  also 

produced  in  the  Polk-Hillsborough  County  area.   Although 

vegetation  of  this  type  is  fairly  resistant  to  fluoride 

damage,  damage  from  fluoride  air  pollution  has  been 
19 


alleged  more  than  once, 
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A  relatively  large  body  of  data  is  available  on 

the  effects  of  atmospheric  fluoride  on  tomato  plants. 

30 
McCune   has  summarized  the  available  data  in  the  form 

of  Figure  10,   Line  a  represents  his  criterion  with 

respect  to  the  presence  or  absence  of  foliar  markings. 

Line  b  represents  the  times  and  concentrations  that  are 

known  to  have  produced  economic  damage,  namely  a  re-  « 

duction  in  the  quantity   or  quality  of  the  crop. 


DURATION  OF  EXPOSURE 

Figure  10:    Relation  of  Concentration  and 

Duration  of  Exposure  to  Effects  of  Atmospheric 

Fluoride  on  Tomato  Plants. 

31 
Benedict  *  has  reported  that  as  long  as  leaves 

of  alfalfa,  orchard  grass,  endive,  chard,  spinach,  and 

romaine  lettuce  did  not  develop  markings  attributed  to 

fluorides,  fumigations  of  four  months  at  100  mg/cu  m  of 

KF  showed  no  significant  effect  on  the  growth  of  these 

plants . 
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McCune30  in  his  summary  of   available  data  on  Che 
effects  of  atmospheric  fluoride  on  corn  Indicates  that 
the  data  are  scarce  on  chronic  exposures  but  in  the 
available  data  no  significant  reductions  in  growth  or 
yield  were  found  in  the  limited  range  of  concentrations 
and  exposure  times. 

Gladiolus  is  one  of  the  more  susceptible  plants 

30 
to  atmospheric  fluoride  damage.   McCune   reports  on 

the  considerable  data  available  on  experiments  concerning 

both  chronic  and  acute  fluoride  damage.   In  general, 

atmospheric  fluoride  levels  above  6  mg/cu  m  for  1  day  to 

1  mg/cu  m  for  10  days  would  cause  permanent  injury  to 

the  gladiolus  leaf. 

Cattle  Damage 

Cattle  have  been  raised  in  the  Polk -Hillsborough 
County  area  for  many  years,   In  recent  years  veter- 
inarians have  diagnosed  fluorosis  in  some  of  the  cattle 
raised  in  this  area.     In  most  cases,  the  diagnosis 
is  chronic  fluoride  poisoning  and  not  acute  poisoning 
indicating  a  long  exposure  to  fluoride. 

-Cattle  develop  fluorosis  by  feeding  on  pastures 
contaminated  by  fluorides  hence  the  mode  of  entry  into 
the  animals  is  through  the  digestive  system.   Up  to  a 
certain  level  fluorides  are  excreted,  and  when  uhis  level 
is  exceeded  fluoride  is  then  deposited  in  their  bones 
due  to  the  affinity  of  fluorine  for  calcium. 
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In  order  to  combat  fluorosis  in  domestic  animals, 

^2 
the  Florida  Air  Pollution  Control  Commission"   set  the 

standard  of  a  maximum  of  40  ppm  of  soluble  fluoride 

(dry  weight  basis)  for  acceptable  forage  or  grass  that 

is  to  be  used  for  cattle.   They  stated  that  grasses 

containing  more  than  40  ppm  F  will,  "if  consistently 

used  as  feed  or  forage  over  a  substantial  period  of  time 
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produce  harmful  effects."   However,  Hobbs  and  Kerriman 

have  reported  that  cattle  grazing  on  pastures  with  up 
to  44  ppm  F  and  cattle  consuming  hay  averaging  up  to 

66  ppm  F  showed  no  significant  damage  during  10  years 

34 
of  testing.   Hendrickson   has  reported  that  reduced 

milk  production,  a  decrease  in  the  reproduction  process, 

and  a  reduction  in  appetite  will  result  from  fluorosis. 

Evidence  published  by  the  National  Research  Council 

indicated  that  the  tolerance  level  for  lactating  dairy 


cows  lies  between  30  and  50  ppm  F.   But  Suttie  and 
Phillips    have  indicated  that  mature  cattle  could  tole- 
rate 50  ppm  F  for  3  years  and  show  no  adverse  effects. 

Largent    is  his  text  Fluorosis  devotes  an  entire 
chapter  on  the  chronic  effects  of  fluoride  intoxication 
on  animals.   In  general,  the  typical  effects  of  chronic 
fluoride  poisoning  on  cattle  are: 

1 .  Incipient  dental  changes 

2.  Staining,  with  detectable  wearing  of  teeth 

3.  Decreased  consumption  of  food 

4.  Loss  of  body  weight 
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5.  Decrease  in  calf  production 

6.  Decrease  in  milk  and  butter  fat  production 

7.  Overgrowth  at  joints 

Largent  also  discusses  the  effects  of  both 
chronic  and  acute  poisoning  on  rats,  sheep,  poultry, 
swine,  rabbits,  and  household  pets. 

The  toxicity  of  fluoride  appears  to  be  greater 
in  forage  contaminated  with  gaseous  effluents  such,  as 
silicon  tetraf luoride  rather  than  with  phosphate  dust. 
Thirty  to  50  ppm  (by  weight)  of  soluble  fluoride  compounds 
in  the  total  diet  of  dairy  cattle  may  cause  deleterious 

effects,  while  it  takes  60  to  100  ppm  of  insoluble  fluo- 
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rides  to  produce  the  same  efiect. 
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Lewis,   while  taking  the  phosphate  industry  to 

task,  brings  out  an  interesting  statistic  regarding  the 

damage  that  fluorosis  can  cause.   He  states  that  in 

1954  Polk  County  was  the  largest  cattle  producing 

county  in  Florida  with  120,000  head.   In  1965,  there 

were  90.000  head  of  cattle  and  the  number  continues  to 

decrease  and  he  states   "it  is  not  unusual  to  come 

upon  cattle  crawling  across  pastureland  on  their  knees, 

starved  from  their  inability  to  chew," 

Human  Health  Damage 

Fluorides  that  are  highly  reactive  chemically 
will  be  irritating  to  exposed  areas  of  the  human  body 
-when  they  are  present  in  the  air  in  sufficient  quantities. 


Normally,  exposures  to  such  highly  reactive  fluorides 
is  limited  to  occupational  exposure.   Less  is  known 
about  the  effects  on  humans  of  inhaled  fluorides  that 
are  not  surface  irritants  and  whose  action  depends  upon 
their  absorption  from  the  lungs  by  the  blood. 

The  fact  the  cattle  grazing  i.n  an  area  have  had 
health  effects  does  not  mean  that  people  living  in 
the  same  area  would  have  the  same  effects,   Cattle 
obtain  most  of  their  fluoride  from  the  forage  and 

water  rather  than  from  the  air.   The  California  State 
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Department  of  Public  Health   has  estimated,  that  1,0 

to  1.2  milligrams  per  day  of  fluoride  is  the  optimum 
ingestion  for  the  control  of  cavities  in  children. 

The  mean  concentration  of  fluoride  found  in  the 
air  of  communities  ranges  from  0,003  ppm  in  Charlestown 
to  0.018  ppm  in  Baltimore.  '    The  maximum  concentration 

in  most  cities  is  about  0.025  ppm  with  a  high  of  O.OS 

41 
ppm  being  reported  in  Baltimore.   Thomas    reported 

a  value  of  0.29  ppm  in  the  vicinity  of  a  superphos- 
phate plant . 

Largent      has  observed  the  following  effects 
when  hydrogen  fluoride  was  inhaled  by  man  under  labora- 
tory conditions: 

1.  At  concentrations  less  than  5  ppm,  no 
local  and  immediate  systemic  effects. 
A  sizable  portion  of  the  inhaled  dose 
was  promptly  excreted. 
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2.  At  10  ppm,  many  exposed  persons  com- 
plained of  discomfort. 

3.  At  30  ppm,  all  exposed  persons  coin- 
plained  about  environment. 

4.  At  60  ppm,  definite  irritation  of  con- 
junction and  nasal  passages  and  dis- 
comfort of  pharynx  and  trachea. 

Derrybcrry    reported  on  a  study  of  a  large  group 
of  men  exposed  to  a  phosphate  fertilizer  plant  for 
periods  of  up  to  25  years  and  the  few  suggestions  of 
toxicity  "were  not  found  to  be  formidable  in  light  of 
the  fact  that  other  factors  may  have  been  responsible." 

A  Florida  State  Board  of  Health  study  of  school 
children  in  Polk  County  found  nc  evidence  of  fluorosis 
in  their  teeth.   The  same  conclusion  was  reached  by 
the  Bureau  of  Dental  Health  and  the  National  Institute 
of  Dental  Research  after  they  toured  schools  in  Polk 

r  r-         45 

uounty . 

While  individual  cases  of  temporary  illness  have 

been  well  documented  by  physicans  and  civic  organiza- 

1  9 
tions"   in  the  Polk-Hillsborough  area,  it  appears  that 

to  date  there  have  been  no  permanent  human  defects 

directly  attributable  to  the  phosphate  industry  in  this 
34,46 
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Governmental  Controls 

Perhaps  the  occurance  of  illnesses  alleged  to  be 
caused  by  the  emissions  from  the  phosphate  processing 
industry  gave  the  '  impetus  to  the  formation  of  the 
Polk-Hillsborough  Air  Pollution  Control  District. 
Perhaps  it  was  the  economic  loss  to  the  area  such  as 
$1,000,000  damage  to  new  citrus  groves,  loss  of  1,500,000 
boxes  of  fruit  per  year,  or  a  reduction  of  citrus 

property  value  of  $20,000,000  in  the  Polk-Hillsborough 

47 
Area.     Perhaps,  it  was  the  decline  in  cattle  produc- 
tion in  the  two  county  area. 

For  whatever  the  reason  or  combination  of  reasons, 
the  Polk  Air  Pollution  Control  District  was  formed  in 
March  1958  to  handle  complaints  regarding  air  pollution, 
mainly  from  the  phosphate  industry,  in  the  county. 
The  district  was  formed  under  the  1957  Florida  Air 
Pollution  Control  Act  which  established  an  air  pollu- 
tion control  commission  in  the  State  Board  of  Health. 
The  district  was  created  with  the  understanding  that 
it  would  permit  an  "orderly  study  of  air  pollution  in 
the  county,  and  that  members  of  agricultural,  live- 
stock, industrial,  and  political  interests  would  be 
considered  and  the  cooperation  of  those  interests 
encouraged. " 


Hillsborough  County  Air  Pollution  Control  Dis 
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trict  was  formed  in  July,  1959.  ■   The  two  control  d' 

tricts  were  merged  into  the  Polk-Hillsborough  Air 
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Pollution  Control  District  in  June,  1960.  J      It  was 

hoped  that  the  merger  would  provide  greater  efficiencies 

and  better  control  for  the  areas  involved. 

The  Polk -Hillsborough  Control  District  did  not 
live  up  to  its  expectations  due  to  a  number  of  reasons 
including:   lack  of  proper  legal  counsel;  delays  in 
taking  lawful  action  due  to  the  procedure  of  conference, 
conciliation,  and  persuasion;  inadequate  funding;  a 
defeatist  attitude  where  the  commission  felt  "hamstrung " 
due  to  not  enough  direction,  responsibility,  and  authority 
from  the  legislature  regarding  its  desires;  pressures 
from  the  industry;  and  lack  of  adequate  and  properly 
trained  personnel. 

In  1967,  the  enabling  legislation  for  the  act 
forming  this  district  was  repealed  and  the  Florida   Air 
and  Water  Pollution  Control  Act  was  passed.   One  of  the 
purposes  of  this  act  was  to  strengthen  the  pollution 
control  agencies  in  the  state.   The  act  had  been  enacted 
with  the  hopes  of  eliminating  some  of  the  major  problems 
associated  with  Florida  Air  Pollution  Act,   It  gave  the 
control  commission  powers  which  if  used  properly  would 
provide  the  incentive  for  positive  action  in  controlling 
air  polluting  industries. 

On  June  30,  1969  the  Florida  Air  Pollution  Control 
Commission  was  out  due  to  governmental  reorganization. 
On  July  1,  1969  the  Florida  Department  of  Air  and  Water 
Pollution  Control  was  created  and  it  is  under  this 


36 


department  that  all  present  surveillance  of  the  phos- 
phate industry  takes  place.   The  requirements  of  the 
department  regarding  fluoride  emissions  are  "the  unit 
emissions  of  fluoride  expressed  as  pounds  of  fluoride 
per  ton  of  P205  or  eclui-valent:  produced,  shall  not  exceed 
0.4  pounds,"  taking  into  consideration  the  latest 
technology,  existing  pollution  levels,  the  lowest  value 
attained  by  other  plants,  and  location.   This  require- 
ment necessitates  that  some  method  of  fluoride  recovery 
be  utilized. 


CHAPTER  III 
WET- PROCESS  PHOSPHORIC  ACID 

Most  wet-process  phosphoric  acid  produced  at  the 
present  time  is  used  in  fertilizer  production  since  the 
acid  meets  the  critical  requirements  of  cost  and  grade. 
Until  quite  recently,  the  general  availability  of  sul- 
furic acid  gave  the  wet-process  acid  a  favorable  economic 
position  and  since  the  fertilizer  industry  can  use  a 
relatively  impure  phosphoric  acid,  the  wet-process 
phosphoric  acid  process  is  used  in  Florida  instead  of 
the  furnace  process.   This  chapter  will  be  confined  to 
the  process  of  producing  fertilizer  grade,  orthophosphoric 
acid  (H3P04), 

History 

Prior  to  1900 

The  development  of  wet-process  phosphoric  acid 
manufacture  is  closely  related  with  the  early  production 
of  chemical  fertilizers. 

Chinese  farmers  are  said  to  have  used  calcined 
bones  some  2,000  years  ago.3   and  Fritish  "~   has  stated 
that  bones  have  been  applied  for  centuries  to  the  vine- 
yards in  southern  France.   Guano,  a  fertilizing  material 
consisting  almost  wholly  of  the  excreta  of  sea  birds, 
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was  used  by  the  Incas  as  early  as  200  B.C.   Bird  guano, 
bones,  and  other  organic  substances  formed  the  basis 
for  the  early  fertilizer  industry  and  during  the  19th 

century  the  use  of  these  materials  was  limited  only  by 

53 
their  availability. 

Brandt  prepared  elemental  phosphorus  from  urine 
in  1669,  and  Boyle  made  phosphoric  acid  from  phosphorus 
in  1698.   Gahn  in  1769  first  associated  these  materials 
with  bones.   Scheele  in  1775  prepared  elemental  phos- 
phorus from  bones  by  treatment  with  mineral  acids  and 
reduction  with  heated  charcoal.   In  1840,  phosphorus 
was  recognized  as  the  major  component  of  bone  manure. 
Justus  von  Liebig.in  1840,  proposed  that  bones  be  dis- 
solved in  sulfuric  acid  to  make  the  phosphorus  content 

q4 
more  available  to  crops."   J.  B.  Lawes  was  issued  a 

patent  in  1842  for  making  superphosphate  from  "bones 
and  other  phosphoritic  substances"  and  sulfuric  acid  by 
"setting  free  such  phosphoric  acid  as  will  hold  in  solu- 
tion the  undecomposed  phosphate  of  lime."   Lawes  modified 
his  patent,  and  confined  his  claim  to  apatite,  phos- 
phorite, and  other  substances  containing  phosphoric 
acid.   Lawes  essentially  founded  the  mineral  superphos- 
phate industry. 

In  1851,  Albright  and  Wilson  Ltd.,  at  present 


England's  largest  producer  of  phosphoric  acid,  was 
formed  at  Oldbury,  England.  "'   In  1870,  a  plant  was 
established  in  Germany  to  manufacture  an  improved  grade 
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of  superphosphate  by  reacting  low-grade  rock  with  phos- 
phoric acid  in  place  of  the  sulfuric  acid  that  had  been 
used  to  date.   By  1900,  at  least  12  European  companies 
were  manufacturing  phosphoric  acid  for  fertilizer 
process  use  by  batch  operations  from  low-grade  ores. 

Commercial  fertilizer  operations  in  the  United 
States  predate  those  of  Europe.   William  Davidson 
erected  the  first  sulfuric  acid  plant  in  1832  to  acid- 
ulate bones  and  oyster  shells.     The  first  triple 
superphosphate  plant  was  built  by  the  American  Phosphate 
and  Chemical  Company  in  1890  at  Baltimore,  Maryland. 
This  plant  was  built  using  knowledge  gained  in  1867 
when  phosphate  rock  from  South  Carolina  was  used  in  the 

CO 

acidulation  process  in  place  of  bones  and  oyster  shells." 

1900  to  1930 

In  the  United  States  wet-prccess  phosphoric  acid 
production  was  insignificant  prior  to  1900,  and  the  total 
production,  which  was  mainly  concentrated  in  the  Baltimore 
area,  did  not  exceed  2000  tons/year.   The  leaders  in 
the  industry  in  the  period  from  1900  to  1915  were  Stauffer 
Chemical  Company,  Virginia-Carolina  Company  (now  a 
division  of  Mobil  Oil  Company)  and  American  Agricultural 
Chemical  Company  (now  a  division  of  Continental  Oil 
Company) .   These  companies  and  many  other  smaller  con- 
cerns were  acidulating  bones  to  make  the  acid  in  the 
1900  to  1905  period,  and  then  switched  over  to  the  use 
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of  phosphate  rock  in  the  1905  to  1915  period.   The  process 
was  a  batch  operation  in  which  digestion  of  low-grade 
rock  took  place  in  wooden  tanks  of  1  to  2  tons/batch 

and  the  resulting  slurry  was  filtered  on  lead-lined, 
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wooden  filtering  pans.     The  filtrate,  containing  10 

to  1 5  percent  P?0r,  was  concentrated  in  rock  or  lead- 
lined  pans. 

In  1915,  the  continuous  process  was  introduced 
into  the  phosphoric  acid  industry  by  the  Dorr  Company. 
By  1924,  this  process  made  possible  an  acid  containing 
22  to  23  percent  P^C,-,  as  compared  with  the  10  to  1  5 
percent  with  the  batch  process.   Briefly,  the  process 
consisted  of  the  reaction  of  a  phosphate  rock-phosphoric 
acid  mixture  in  a  series  of  primary  digestion  tanks 
with  sulfuric  acid  (66.6  or  77.7  percent  H-SO,).   Agita- 
tion of  the  slurry  produced  was  maintained  and  after 
the  slurry  left  the  last  tank  it  was  washed  counter- 
currently  in  thickeners.   The  overflow  from  the  primary 
thickener  normally  analyzed  22  to  23  percent  P?0-. 
The  calcium  sulfate  dihydrate  which  settled  in  the 
primary  thickener  was  washed  in  the  remaining  thickeners 
to  remove  the  entrained  acid. 

In  the  period  1916  to  1929,  Dorr  built  strong 
acid  plants  for  some  31  companies  in  the  United  States 
and  Europe.   The  smallest  of  these  plants  processed  25 
tons  of  rock  per  day.   During  this  same  period,  the 
Chemical  Construction  Company  (Chemico)  built  wet  phos- 
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phoric  acid  plants  for  U.  S.  Export  Chemical  Corporation 
(now  U.  S.  Phosphoric  Chemical  Corporation)  and  American 
Cyanamid. 

1930  to  1968 

During  the  1930  to  1940  period,  Nordengren  and 
associates  in  Sweden  developed  strong  acid  processes 
that  produced  a  calcium  sulfate  hemihydrate  and  a  very 
strong  acid,  40  to  50  percent  Pp^S'   However,  after  exper- 
ience was  gained  with  this  process,  the  conclusion  was 
reached  that  the  economies  in  producing  the  strong  acid 
did  not  justify  the  complications  involved  in  the  fil- 
tration of  the  slurry.     However,  Nordengren  and  his 
associates  performed  basic  studies  to  determine  the 
conditions  under  which  the  anhydrite  (CaSO, ) ,  hemihy- 
'drate  (CaSO,  ■  hll^O) ,    and  dihydrate  (CaSO,  .  2H~0)  were 
formed  in  phosphoric  acid  slurries  and  established  the 
relationship  between  crystal  f ilterability  and  acid 
concentrations  for  each  of  these  crystal  forms.   Dorr 
and  other  companies  in  the  United  States  were  also 
working  on  producing  an  acid  in  the  40  to  50  percent 
P?0c  range j  however,  due  to  the  same  type  of  problems 
encountered  by  Nordengren,  they  were  not  able  to  produce 
a  high  strength  acid  economically. 

During  the  same  period,  Dorr  built  the  largest 
wet  phosphoric  acid  plant  up  to  that  time  for  Consolidated 
Mining  and  Smelting  Company  at  Trail,  British  Columbia. 
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The  plant  consisted  of  three  trains,  each  having  a 
processing  capacity  of  150  tons/day  of  phosphate  rock. 
This  plant  was  probably  the  major  contribution  of  Dorr 
Company  during  this  period  since  it  involved  (1 )  the 
recycle  of  gypsum  slurry  for  better  control  of  crystal 
growth,  thus  giving  larger  crystals  and  improved  filter- 
ability,  and  (2)  the  separation  and  countercurrent 
washing  of  the  gypsum  on  continuous  filters.   The  product 
acid  from  the  filters  contained  30  to  32  percent  P2°5' 
This  process  gained  the  name  of  the  Dorr  Strong  Acid 
Process  since  it  produced  the  highest  strength  commer- 
cial acid  to  that  date.   The  acid  produced  was  already 
strong  enough  for  the  production  of  ammonium  or  sodium 
phosphates  but  it  was  not  used  in  the  manufacture  of 
triple  superphosphate  or  food  grade  calcium  phosphate 
since  a  concentrated  acid  was  required  for  these  products, 
This  process  produced  a  dihydrate  gypsum  and  was  the 
one  used  for  many  other  plants  throughout  the  world. 

In  the  1940  to  1950  period,  processes  yielding 
calcium  sulfate  anhydrite  were  studied  by  Davison 
Chemical  Company;  however,  none  of  these  processes  were 
ever  commercialized.62   Tennessee  Valley  Authority 
(TVA)  also  began  work  on  a  process  producing  an  anhy- 
drite at  their  Muscle  Shoals,  Alabama  facility. 

•In  the  1950  to  196S  period,  interest  was  renewed 
in  the  hemihycrate  process  of  Nordengen  and  commercial 
installations  have  been  built  in  Japan.   Better  recovery 
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of  ^Oc  has  been  obtained  and  the  by-product  gypsum  is 
of  better  quality  in  the  hemihydi ate  process.   An  acid 
containing  40  percent  or  more  of  P?0,-  has  been  obtained 
using  this  process  in  large-scale  tests. 

During  this  same  period,  due  to  a  shortage  of  sulfur, 
interest  was  developed  in  substitution  of  hydrochloric 
acid  for  sulfuric  acid.   The  Israel  Mining  Company  devel- 
oped a  process  using  solvent  extraction  to  separate  the 
phosphoric  acid  from  the  calcium  chloride  formed.   Small 
commercial  plants  have  been  built  in  Israel  and  Japan 
using  this  process.   Other  companies  have  used  nitric 
acid  as  a  replacement  for  sulfuric  acid. 

The  major  process  used  at  the  present  time  is  the 
dihydrate  process  and  most  large  commercial  plants  con- 
structed today  utilize  this  process  with  the  latest  im- 
provements which  include  (1)  slurry  recycle,  (2)  single- 
tank  reactor,  and  (3)  tilting-pan  filter.   The  capacity 
of  the  largest  single-train  plant  in  Florida  is  a  nominal 
1500  tons  P205/day.   According  to  Slack,65  as  of  1968 
this  plant  is  also  the  largest  single-train  plant  in  the 
world.   The  Occidental  Chemical  Corporation  plant  at 
which  all  experimentation  for  this  study  took  place  had 
a  nominal  650  tons  ?20^/day  capacity. 

Fundamental  Principles  of  the  Dihydrate  Process 
The  primary  objective  in  the  phosphate  fertilizer 
industry  is  to  convert  the  fluorapatite  in  phosphate  rock 
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to  a  form  available  to  plants.  The  fluorapatite  is 
quite  insoluble  and  is  not  normally  used  as  a  fertilizer 
in  its  natural  state  because  it  has  little  value  as  a 
supplier  of  nutrient  phosphate.  The  most  widely  used 
method  for  making  the  nutrient  phosphate  available  is 
treatment  with  a  mineral  acid  such  as  sulfuric,  phos- 
phoric, nitric,  or  hydrochloric. 

Since  phosphoric  acid  can  be  readily  manufactured 
at  fertilizer  plants,  it  is  normally  used  to  treat 
phosphate  rock  for  production  of  triple  superphosphate 
and  in  the  reaction  with  ammonia  to  make  ammonium  phos- 
phates.  The  growing  importance  of  both  of  these  products 
makes  phosphoric  acid  a  very  important  intermediate  in 
the  fertilizer  industry. 

Production  of  phosphoric  acid  by  the  wet-process 
involves  the  steps  of  (1 )  dissolving  phosphate  rock  in 
sulfuric  acid,  (2)  holding  the  acidulate  slurry  until  the 
calcium  sulfate  crystals  grow  to  adequate  size,  (3) 
separating  the  acid  and  calcium  sulfate  by  filtration, 
and  (4)  concentrating  the  acid  to  the  desired  level. 
The  principal  difference  in  processes  for  manufacturing 
phosphoric  acid  is  the  degree  of  hydration  of  the  cal- 
cium sulfate,  which  can  be  changed  by  altering  the  tem- 
perature and  the  Pt°c  concentration  of  the  acidulate 
slurry..   The  dihydrate,  CaSO,  •  2^0,  is  precipitated 
under  conditions  of  low  temperature  and  concentration 
(see  Figure  11).   Because  of  these  two  reasons,  the 
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amount  of  wet-process  acid  produced  by  methods  other 
than  tne  dihydrate  process  is  not  significant. 


Raw  Materials 

The  two  major  raw  materials  in  wet-process  phos- 
phoric acid  manufacture  are  phosphate  rock  and  sulfuric 
acid.  The  phosphate  rock  fed  to  the  process  is  as  high 
in  grade  as  economically  feasible,  usually  ranging  frora 
30  to  35  percent  P2°5"  The  sulfuric  acid  normally  is 
66°  Be  (93  to  98  percent). 

The  phosphate  rock  used  exists  principally  in 

the  form  of  a  f luorapatite,  which  is  a  broad  term 

given  to  a  relatively  complex  mineral  whose  properties 

can  vary  widely,  depending  upon  origin.   Slack   * 

normally  uses  the  chemical  formula  Ca,  ^(PO,  ),F.,  in  his 

l  U    q-  o  c 

descriptions  of  the  process,  while  Waggaman   and 
Sauchelli   use  3Ca3(PO,)2  •  CaY^    in  their  descriptions 
of,  the  process.   Phosphate  rock  used  for  production 
of  acid  by  the  wet-process  varies  from  about  65  to  85 
BPL,  depending  upon  the  origin  and  extent  of  beneficia- 
tion.   All  rocks  contain  varying  amounts  of  other  com- 
pounds, either  physically  mixed  or  substituted  in  the 
mineral  itself.   Table  3  gives  a  typical  analysis  of 
Florida  phosphate  rock.   Table  4  gives  a  typical  analysis 
of  the  rock  used  by  Occidental  at  their  White  Springs 
plant. 
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TABLE  3 


TYPICAL  COMPOSITION  OF  COMMERCIAL  GRADES 
OF  FLORIDA  PHOSPHATE  ROCK62 . a 


Specified  BPL  Range 


68/66 

72/70 

77/76 

BPL 

68.15 

72.14 

77.12 

P^O,-   equiv. 

31.18 

33.00 

35.28 

H20 

1.3 

1  .0 

1.0 

Fe203 

1  .33 

1  .07 

0.84 

Al2°3 

1  .76 

0.83 

0.56 

Organic 

2.18 

1.76 

1  .70 

Si02 

9.48 

6.46 

2.02 

co2 

3.48 

2.87 

2.98 

F2 

3.60 

3.62 

3.39 

CaO 

45.05 

48.10 

51  .53 

S03 

1  .05 

1.11 

0.66 

a      Dry  basis 

TABLE 

4 

TYPICAL  COMPOSITION  OF  OCCIDENTAL 
PHOSPHATE  ROCKa 


BPL  74.00 

P205  33.80 

Fe203  0.49 

Al203  1.49 

Si02  4.30 

C02  4.72 

F2  3.93 

CaO  50.0 

S03  1.32 

C  0.28 

MgO  0 .  31 
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TABLE  4  CONIINUED 


Na20         0.69 
K20  0.10 


a  Process  Report,  P.  Flanagan, 
9/27/68,  Occidental  Chemical 
Company,  White  Springs  Plant. 


While  the  performance  of  a  given  rock  cannot 
be  completely  predicated  from  the  chemical  analysis, 
it  is  possible  to  draw  certain  general  conclusions. 
Normally,  a  preferred  rock  is  the  one  that  yields 
phosphoric  acid  at  the  lowest  cost;  therefore,  the 
primary  consideration  is  the  price  of  the  rock  per  unit 
of  P^O-.   Other  items  which  may  affect  production 
include : 

1.  CaO  to  P-,0^  ratio.   This  ratio  eventually 

determines  the  amount  of  H-,30,  used  per 

unit  of  Pt°5  produced.   A  low  CaO  to  P^Orr 

ratio  is  desired  since  the  cost  of  H-.S0, 

2   4 

is  a  major  factor  in  the  production  cost  of 
phosphoric  acid. 

2.  Fluorine.   Most  companies  do  not  consider 
this  an  item  of  significance,  however,  high 
values  may  increase  the  air  pollution  gene- 
rated in  the  process  and  may  increase  plant 
corrosion. 

.3.    Iron  and  aluminum.   They  are  major  problems 
in  acid  manufacture  and  are  normally  removed 
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by  benef iciation  to  a  major  extent. 

Residual  amounts  dilute  the  phosphate  content , 

may  interfere  with  crystal  growth,  cause 

sludge  to  form  in  the  product  acid,  and 

in  general  may  cause  a  poor  acid  for  use  in 

making  fertilizer  products. 

4.  Carbonates.   A  high  carbonate  content  is 
accompanied  by  a  high  CaO  to  PtCv  ratio 
reducing  the  grade  of  rock   (^2^5  content) 
and  causing  foaming  during  acidulation. 

5.  Magnesium  and  potassium.   Normally  both 
give  rise  to  complexes  that  lead  to  sludge 
problems  when  the  acid  is  concentrated. 

6.  Silica.   Silica  is  partially  attacked  by  the 
fluorine  released  during  digestion.   Normally, 
it  is  not  considered  a  problem. 

7.  Sulfur  compounds.   Sulfur,  if  present  as 
sulfates,  can  usually  be  credited  against 
HpSO,  consumption. 

8.  Organic  matter.   High  levels  of  organic 
compounds  will  cause  foaming  problems  and 
tend  to  reduce  filtration  rates  by  blinding 
the  filter  cake. 

The  rapidity  of  digestion  is  influenced  by  the 
particle  size  of  the  rock  since  the  attack  takes  place 
primarily  on  the  surface  of  the  particle;  therefore, 
the  time  required  to  dissolve  a  rock  particle  is  pro- 
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portional  Lo  the  diameter  so  long  as  other  factors  are 
held  constant.   Normally,  the  rock  is  ground  to  60 
to  70  percent  minus  200  mesh;  however,  unground  phos- 
phate rock  can  also  be  used  in  the  process. 

The  sulfuric  acid  used  in  the  wet-process  is  66° 
Be  (93  to  98  percent).   The  strong  acid  is  employed  so 
that  as  much  water  as  possible  can  be  used  in  washing 
the  gypsum  filter  cake.   The  amount  of  sulfuric  acid 
used  in  the  wet-process  is  approximately  stoichiometri- 
cally  equal  to  the  CaO  in  the  rock.   The  amount  of 
free  sulfuric  acid  in  the  digestion  system  is  an  im- 
portant operating  variable,  since  it  affects  the  size 
and  shape  of  the  gypsum  crystals  formed. 

Process  Chemistry 

Waggaman    and  Slack   have  reported  the  fol- 
lowing reactions  taking  place  throughout  the  process: 
Ca3(P04)2  +  3H2S04 — »  2H3POA  +  3CaS04  (1 ) 

CaF2  +  H2S04 *CaS04  +  2HF  (2) 

CaC03  +  H^S04 *C02  +  CaS04  +  H20  (3) 

6KF  +  SiO-, — *H2SiF6  +  2H2°  ^ 

Na90(or  10,0)  +  H2SiF6 *Na?SiF6(or  K2SiF6)  -F  H?0  (5) 

H2SiF6  +  Heat  and/or  Acid *SiF4  +  2HF  (6) 

3SiF4  +  2H20 -2H2SiF  +  SiO?  (7) 

Fe.,0,(or  Al-O,)  +  2H-P0, »2FeP0'  (or  AlPO,,  )  +  3H00  (8) 

Phosphate  rock  is  a  very  complex  mineral;  the 
principal  mineral  constituent,  f luorapatite ,  contains 
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calcium,  phosphate,  fluoride,  carbonate,  and  other 
elements  or  groups  bound  together.   When  the  rock  is 
treated  with  sulfuric  acid,  the  apatite  lattice  is 
destroyed  and  the  phosphate  is  solubilized  as  phos- 
phoric acid.   The  principal  reaction,  Equation  1,  is 
the  reaction  between  tricalcium  phosphate  and  sulfuric 
acid  to  give  soluble  phosphoric  acid  and  insoluble 
calcium  sulfate.   The  calcium  fluoride  reacts  with 
sulfuric  acid  to  produce  hydrogen  fluoride  and  calcium 
sulfate,  Equation  2.   The  calcium  carbonate  is  con- 
verted to  carbon  dioxide  and  calcium  sulfate,  Equation 
3.   The  entire  reaction  between  the  major  constituents 
and  sulfuric  acid  has  been  described  by  Slack'   as: 

Ca10(P04)6F2  .  CaC03  +  1 1H2S04~*- 6H3P04  +  HCaSO^  + 

2HF  +  H20  +  C02 

The  hydrogen  fluoride  produced  may  react  with 
the  silica  present  to  form  silicon  tetraf luoride ,  which 
then  hydrolyzes  to  form  fluosilicic  acid  as  shown  in 
Equations  4  and  5. 

The  calcium  sulfate  formed  in  the  reactions  can 
be  in  three  stages  of  hydration:   anhydrite  (CaSO^) , 
semihydrate  (CaS04  ■  ^O) ,  or  dihydrate  (CaSC4  •  2^0), 
depending  on  the  reaction  temperature  and  the  phosphoric 
acid  concentration   (see  Figure  11).   However,  since 
the  dihydrate  occurs  with  low  reactor  temperatures  and 
low  P?0,  concentrations  in  the  acidulate  slurry,  it  has 
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been  and  still  is  the  favored  method  of  produeing  wet 
process  phosphoric  acid. 


120i— 


100 


0     10      20     30     40     50     60 
Acid  Concentration,  percent  P2°5 

Figure  11 :    Precipitation  and  Stability 
of  Calcium  Sulfates  in  Phosphoric  Acid 


By  increase  in  temperature  or  concentration, 
conditions  can  be  reached  under  which  dihydrate  is  pre- 
cipitated but  is  converted  in  time  to  anhydrite  (CaSO^) 
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In  practice,  however,  the  crystallization  is  affected 
by  so  many  factors  that  prediction  of  the  result  is  dif- 
ficult.  Free  sulfuric  acid  changes  the  stability  regions 
and  impurities  affect  the  rate  of  conversion  of  one 
crystal  form  to  another.   Since  there  are  so  many  factors 
affecting  crystallization,  the  dihydrate  process  is 
favored  due  to  the  lower  temperatures  and  the  lower 
concentrations.   There  are  many  variations  in  dihydrate 
processes,  mainly  in  regard  to  type  of  filter  and  in 
design  and  arrangement  of  digestion  (acidulation) 
equipment . 

Process  Technology 

There  are  many  variations  in  dihydrate  processes, 
mainly  Ln  regard  to  the  type  of  filter  and  in  the  de- 
sign and  arrangement  of  the  digestion  (acidulation) 
equipment.   The  major  areas  in  any  phosphoric  acid 
process  are  raw  material  feeding,  reactor  system,  filtra- 
tion, and  effluent  control. 

Raw  material  in  the  form  of  phosphate  rock  and 
sulfuric  acid  is  closely  controlled.   Gravimetric 
feeders  or  automatic  batch  scales  are  normally  used  for 
rock  feeding.   Sulfuric  acid,  recycled  phosphoric  acid, 
and  washwater  are  normally  controlled  by  flowmeters. 

The  reactor  system  varies  from  process  to  process. 
The  most  recent  type  is  the  single  tank  reactor  with 
the  necessary  cooling,  fume  removal,  and  recycle  facili- 


ties.   Older  processes  use  a  system  of  tanks.   The 
single  tank  reactor  is  normally  equipped  with  multiple 
agitators  that  promote  the  reaction.   One;  process  has 
a  single  tank  with  two  compartments,  an  outer  annulus 
in  which  the  reaction  takes  place,  and  an  inner  core 
where  the  slurry  formed  in  the  reaction  is  held  for 
crystal  growth  and  stabilization.   Average  retention  time 
in  the  reactor  system  is  approximately  eight  hours. 
Foaming  in  the  reactor  often  is  a  problem  when  the  rock 
has  a  relatively  high  content  of  organic  matter  or  car- 
bonate.  Various  types  of  antifoaming  agents  are  used 
to  control  foaming. 

The  heat  produced  by  acidulation  of  rock  and 
dilution  oF  sulfuric  acid  is  normally  removed  by  one 
of  the  three  following  methods  (1 )  blowing  air  into 
the  slurry,  (2)  blowing  air  across  the  slurry,  and  (3) 
flash  cooling  under  vacuum.   Vacuum  cooling  is  probably 
the  most  commonly  used  method  at  present  since  the  ef- 
fluent control  system  is  smaller  and  less  expensive. 

Filtration  of  the  acid-gypsum  slurry  requires 
that  gypsum  crystals  of  adequate  size  and  shape  be 
produced  in  the  reactor.   Satisfactory  crystals  depend 
upon : 

1.    Sulfate  concentration.   Insufficient  sulfate 
produces  thin,  platelike  crystals  that 
are  difficult  to  filter.   Excessive  sulfate 
produces  crystals  that  are  easy  to  filter 
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but  are  difficult  to  wash  free  of  phosphate 
The  optimum  sulfate  concentration  depends 
upon  many  factors,  but  normally  is  approxi- 
mately 1.5  to  3.0  percent  fUSO,.   This 
level  produces  rhomboid  crystals  agglome- 
rated together  which  filter  and  wash  well. 

2.  Slurry  recirculation.   Recirculation  of 
slurry  is  required  in  all  systems  in  order 
to  (1  )  reduce  the  effects  on  the  process  of 
surges,  (2)  reduce  the  effects  of  localized 
high  concentrations  of  rock  and  acid,  and 
(3)  control  the  degree  of  supersaturation 
necessary  for  good  crystal  growth. 

3.  Phosphoric  acid  concentration.  Crystals 
decrease  rapidly  in  size  as  the  acid  con- 
centration is  increased  above  32  percent 
P-0-.  This  is  one  of  the  major  limiting 
factors  on  product  acid  concentration  in 
the  dihydrate  process. 

4.  Rock  impurities.   Slack    reports  that  this 
area  is  not  understood  at  present  but  is 
currently  being  studied. 

Normally  filtration  occurs  in  three  stages. 
The  slurry,  containing  30  to  45  percent  solids,  is 
filtered  in  the  first  stage  to  produce  the  product 
acid.   Wash  water  is  added  to  the  lest  stage  to  wash 
traces  of  acid  from  the  gypsum  cake.   Filtrate  from 
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this  stage  is  used  as  wash  water  for  Che  second  stage, 
where  recycle  acid  of  approximately  21  percent.  p?°5 
is  produced.   The  filter  cake  formed  may  vary  from  1  to 
4  inches.   The  type  of  filter  varies  widely  depending 
upon  the  process  requirements.   Early  plants  used 
plate-and-f rame  presses  and  rotary  drum  vacuum  filters. 
At  present,  four  types  of  horizontal  vacuum  filters 
are  used: 

1  .    Belt  filter. 

2.  Horizontal  rotary  table  filter. 

3.  In-line  pan  filter. 

4.  Horizontal  rotary  tilting-pan  filter. 
The  horizontal  rotary  tilting-pan  filter  has  become 
the  standard  in  the  new  large -capacity  plants  since 
very  large  units  are  feasible. 

Approximately  two -thirds  of  the  weight  of  phos- 
phate rock  and  93  percent  of  the  sulfuric  acid  used  in 

72 
the  process  consist  of  unsalable  by-products.     The 

result  of  these  unusable  by-products  is  the  production 
of  approximately  5  tons  of  by-product  material  per  ton 
of  P.Or  produced.   Effluent  gases  from  the  process 
contain  fluoride  compounds  which  must  be  removed.   Nor- 
mally, these  compounds  are  removed  in  some  type  of 
liquid  scrubbers  such  as  spray  chambers,  impingement 
columns,  packed  towers,  and  venturi  scrubbers.   Fluorine 
recovery  is  practiced  in  some  plants  where  the  resulting 
fluo silicic  acid  liquor  is  recovered  for  sale.   In  other 
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plants,  the  liquor  is  pumped  to  the  gypsum  settling 
pond  where  it  is  recycled  back  to  the  process.   Slack 
reports  that  the  fate  of  the  fluoride  in  the  pond  is 
not  well  understood  at  present,  and  that  it  "presum- 
ably remains  with  the  gypsum  in  the  pond  or  is  evolved 
from  the  pond  surface  as  hydrogen  fluoride."   His 
statement  is  based  upon  operating  data  which  show 
that  the  fluoride  concentration  in  the  recycled  liquor 
builds  up  to  a  certain  level ,  depending  upon  operating 
conditions,  and  stops  there.   Table  5  gives  the  fluoride 
balance  for  one  plant  using  Florida  phosphate  rock. 

TABLE  5 

FLUORIDE  BALANCE  IN  SWIFT  &  CO. 
WET-PROCESS  PHOSPHORIC  ACID  PLANT /3.a 

Material  F  content  %  F/ton  F^S '  lb 

Vapors  from  reactor  5.5  13 

Gypsum  cake  27.8  66 

Vapors  from  vacuum  evaporator  41.9  100 

Concentrated  Acid  (54%  P2°5)  24.8  60 

Total  100.0  239 

a   Phosphate  rock  used  contained  32.57%  P205  and  3.89%F 

The  quantity  of  gypsum  produced  in  a  wet-process 
acid  plant  is  normally  1.5  to  1.6  tons/ton  of  rock 
digested  or  about  4.6  to  5.2  tons  of  gypsum  per  ton  of 
P90c  produced.   Approximately  1  acre -foot  of  gypsum 
will  be  accumulated  yearly  as  a  result  of  the  produc- 
tion of  1  ton  of  P?0^  per  day.   In  Florida,  the  gypsum 
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discharged  from  the  filter  is  reslurried  with  water  and 
pumped  to  the  settling  pond  where  the  solids  settle 
and  the  gypsum  pond  water  is  recovered  for  reuse.   The 
settled  solids  are  then  used  to  build  up  the  walls  of 
the  gypsum  pond  such  that  older  plants  have  gypsum 
piles  exceeding  90  feet  above  grade. 

The  effluent  water  from  coolers,  scrubbers,  and 
the  gypsum  slurry  passes  through  the  pond,  or  ponds 
depending  upon  the  plant  design,  and  is  recycled  back 
into  the  process.   Normally,  little  effluent  water  is 
dumped  into  water  courses  unless  it  is  absolutely 
necessary  due  to  high  water  conditions  caused  by  heavy 
rain  and/or  plant  imbalances.   Before  the  water  is 
dumped  into  fresh  water  sources,  it  is  treated  with 
lime  to  raise  the  pH. 

Fluor i de  Evolution 

The  quantity  of  fluoride  evolved  as  gaseous  sili- 
con tetraf luoride  during  the  acidulation  of  phosphate 
rock  is  usually  only  a  fraction  of  the  total  fluorine 
in  the  rock,  as  shown  in  Table  5.   However,  this  amount 
of  fluoride  can  do  considerable  damage  to  animals  and 
vegetation  if  allowed  to  escape  from  the  confines  of 
the  plant. 

The  traditional  view  of  fluoride  evolution  during 
the  mixing  of  phosphate  rock  and  sulfuric  acid  gave 
rise  to  the  following  reactions: 


CaF-  +  II- SO, *CaSO.  +  2HF  (2) 

2    2   4        4  v  ' 

6HF  +  Si09 "H2SiF6  +  H?0  (4) 

4KF  +  Si02 '-SiF4  +  2H20  (9) 

3SiF,    +  4H20 ^Si0?    •    2H20   +   2H2SiF6  (10) 

SiF,    +  2HF >H0SiF.  (11) 

4  lb 

The  formation  of  hydrofluoric  acid  by  Equation  2 
was  generally  considered  to  be  an  intermediate  step  since 
further  reaction  with  silica  would  give  gaseous  silicon 
tetraf luoride  (SiF/)  and  aqueous  fluosilicic  acid 
(H.;SiF.).   Some  of  the  silicon  tetraf  luoride  produced  in 
Equation  9  was  released  in  the  early  stages  of  Che  pro- 
cess while  Equations  10  and  11  were  liquid-gas  reactions 
that  caused  retention  of  the  remaining  volatile  silicon 
tetraf luoride.   The  gases  released  in  Equation  9  were 
normally  carried  to  the  scrubbing  system  where  water 
or  gypsum  pond  water  was  used  as  the  scrubbing  media  to 
recover  the  fluoride  as  fluosilicate  by  Equation  10. 

Recent  studies   '   '    suggest  that  the  tradi- 
tional view  wherein  the  formation  of  silicon  tetra- 
fluoride  is  a  secondary  reaction  between  hydrofluoric 
acid  and  silica  in  the  rock,  Equation  9,  may  not  be 
entirely  correct.   These  studies  indicated  that  fluo- 
silicic acid  is  formed  directly  in  acidulation  of  phos- 
phate rock  and  that  the  reaction  between  moderately 
strong  hydrofluoric  acid  and  either  silica  or  sili- 
cates is  too  slow  to  account  for  the  somewhat  rapid 
evolution  of  silicon  tetraf luoride  that  is  experienced 
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under  normal  operating  conditions.   The  studi.es  suggest 
Chat  fluoride  behaves  more  as  fluosilicic  acid  than 
hydrofluoric  acid  in  acidulated  rock. 

In  a  study  of  factors  affecting  the  evolution  of 
silica  tetrafluoride  during  the  acidulation  of  phos- 
phate rock,  Fox  and  Hill  '  found  that  the  amount  of  gas 
evolved  on  contact  between  the  rock  and  acid  increased 
with  increasing  concentration  and  temperature  of  the 
acid  and  with  the  degree  of  acidulation  of  the  rock. 
Other  minor  factors  affecting  fluoride  evolution  in- 
cluded the  order  of  mixing  r.he  rock,  acid,  and  water 
and  the  amount  of  water  taken  up  in  the  formation  of 
the  hydrates  of  the  reaction  products. 


CHAPTER  IV 

ABSORPTION  THEORIES  AND 
EMPIRICAL  RELATIONSHIPS 

Treybal    has  defined  gas  absorption  as  "an 
operation  in  which  a  gas  mixture  is  contacted  with  a 
liquid  for  the  purposes  of  preferentially  dissolving 
otie  or  more  components  of  the  gas  and  to  provide  a 
solution  of  these  in  the  liquid."   A  detailed  discussion 
of  the  absorption  process  is  beyond  the  scope  of  this 
dissertation  which  is  concerned  with  the  application 
of  this  method  to  gas  purification  and  so  it  deals 
only  briefly  with  the  fundamental  processes  of  absorp- 
tion.  A  full  treatment  of  gas  absorption  may  be  found 
in  specialized  texts  by  Treybal,    Kohl  and  Riesenfeld, 
Sherwood  and  Pigf ord ,    Morris  and  Jackson,    and 
Perry.     Those  aspects  which  are  of  particular  interest 
in  the  control  of  fluoride  air  pollution  will  be  dealt 
with  in  detail. 

Absorption  Theories 
The  theoretical  principles  involved  in  the  ab- 
sorption process  are  quite  complex  and  controversial. 
The  newer  theories  attempt  to  resolve  the  apparent 
discrepancies  involved  in  using  the  older  theories. 
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General  Pri.nci.pl  es 

Absorption  deals  with  the  transfer  of  material 
between  two  phases.   In  the  case  of  gas  absorption, 
when  a  soluble  gas  comes  in  contact  with  a  liquid, 
molecules  of  the  gas  will  enter  the  liquid  to  form  a 
solution.   Gas  molecules  also  will  tend  to  leave  the 
solution  to  re-enter  the  gas  phase  at  a  rate  which  in- 
creases as  the  liquid  phase  concentration  increases, 
until  the  gas  pressure  exerted  by  the  solution  is  equal 
to  the  pressure  on  the  system.   When  this  point  is 
reached,  a  dynamic  equilibrium  between  the  phases  is 
established  and  the  gas  concentration  in  solution  will 
no  longer  change.   The  concentration  of  the  gas  in 
solution  at  this  point  is  termed  the  solubility  of 
the  gas  in  the  liquid  and  varies  with  the  temperature, 
pressure,  and  system  components.   At  this  equilibrium 
point,  the  partial  pressure  of  the  soluble  gas  in  the 
main  gas  is  related  to  the  dissolved  gas  in  the  liquid. 
With  this  idea  in  mind,  it  can  be  stated  that  a  very 
soluble  gas  will  require  a  lower  partial  pressure  than 
a  slightly  soluble  gas  in  order  to  obtain  a  given 
concentration  in  the  liquid.   Figure  12  shows  a  typical 
equilibrium  curve  illustrating  this  idea.   Equilibrium 
curves  are  normally  determined  by  experimentation; 
however,  if  the  solution  and  gas  are  considered  ideal, 
certain  gas  laws  may  be  applied. 
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Concentration  of  gas  in  liquid 
Figure  12:    Equilibrium  Diagram 

Raouit's  Law  is  normally  applied  to  systems  that 

approach  equilibrium  and  states  that 

p  =  Px  (12a) 

where : 

p  =  partial  pressure  of  solute  gas 

P  =  vapor  pressure  of  solute  gas  at  the  same 

temperature 
x  =  mole  fraction  of  solute  gas  in  solution 
When  liquid  solutions  can  not  be  considered 

ideal,  Henry's  Law  is  normally  applied.   Henry's  Law 

related  .the  solubility  of  gases  to  the  partial  pressure 

of  the  gas  in  the  gaseous  phase 

S  =  Hp  (12b) 

where: 
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S  a  concentration  of  gas  in  liquid 

H  -  proportional ity  constant,  sometimes  called 
Henry's  solubility  coefficient 

p  =  partial  pressure  of  gas  in  gaseous  phase 
The  constant  may  have  any  units  required;  for  example, 
if  S  is  ii\  ppm,  and  p  is  in  atmospheres,  H  will  be 
in  ppm/atm.   The  constant  is  normally  determined  exper- 
imentally for  the  particular  system  under  study  and  is 
applicable  to  that  system.   The  law  holds  for  the  solu- 
bility of  nonreactive  gases  in  water. 

Since  absorption  of  gases  depends  upon  the  trans- 
fer of  molecules  from  the  bulk  of  the  gas  to  the  bulk 
of  the  liquid,  the  case  of  a  stagnant  gas  in  contact 
with  a  liquid  surface  has  been  widely  studied.   When 
the  liquid  surface  is  brought  into  contact  with  the  gas, 
the  diffusion  of  the  gas  molecules  is  by  molecular 
diffusion,  and  the  rate  of  this  depends  on  the  pressure 
and  temperature  of  the  gas  and  the  molecular  species 
in  the  gas.   The  rate  of  molecular  transfer  is  given 
by  Fick ' s  Law 

N  ■  -»£  (12c) 

where : 

N   =  rate  of  molecular  transport,  molar  unit/ 
unit  area/unit  time 
concentration  gradient  in  the  direction  of 

diffusion, 
molecular  diffusivity,  (length)  /time 


ac 
dx 
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Values  for  the  diffusivity  may  be  calculated  using  the 

Stokes-Einstein  equation  but  normally  they  are  determined 

experimentally  and  can  be  found  in  the  International 
82 


Normally  gas  diffusi- 

5 


Critical  Tables   when  available 

vity  values  are  considerably  higher,  approximately  10' 

times  as  large,  as  liquid  diffusivity  values. 

Equation  1 2c  has  been  integrated  for  various  cases 

and  the  two  most  used  cases  are: 
Case  1 . 

Steady-state  equimolal  counter  diffusion 
which  frequently  pertains  to  distillation  opera- 
tions and  will  not  be  described  further. 
Case  2. 

Steady- state  diffusion  of  A  through  non- 
diffusing  B.   This  occurs,  for  example,  when 
silicon  tetrafluoride  (A)  is  absorbed  from  air 
(B)  into  water.   In  the  gas  phase  if  the  evapora- 
tion of  water  is  neglected,  only  the  silicon 
tetrafluoride  diffuses,  since  air  does  not  dis- 
solve appreciably  in  water.   Figure  13  illustrates 
this  condition. 


Pressure   1 


Z-,   Distance,  Z   Z? 

Figure  13:    Diffusion  of  A  Through 
Stagnant  B 
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83 
Treybal    reports  the  integrated  form  of  Equation 

12c  for  this  case  to  be 

*- SH- <*-*!>- k8  <™i>  (13) 

In  ° 

where : 

M  =  rate  of  transport,  [moles/( time) (area)] 

D  =  diffusivity,  (area/time) 

P  =  absolute  pressure 

R  =  gas  constant 

T  =  absolute  temperature 

P,  =  log  mean  pressure  of  component  B 

y  =  mole  fraction 

y^  =  mole  fraction 

k    =  mass  transfer  film  coefficient, 
S 

[(moles)/ (time) (area) (mole  fraction)  ] 
The  use  of  the  mass  transfer  coefficient  in  Case 
2  is  generally  accepted  since  most  practical  situations 
involve  turbulent  flow  in  which  it  is  generally  not 
possible  to  describe  the  flow  conditions  mathematically. 
The  mass  transfer  coefficient  includes,  in  one  quantity, 
effects  which  are  the  result  of  both  molecular  and 
turbulent  diffusion  and  which  differ  from  situation  to 
situation.   Mass  transfer  coefficients  can,  in  a  few 
limited  situations,  be  deduced  from  theoretical  princi- 
ples, but  in  the  great  majority  of  the  cases,  direct 
measurement  under  known  conditions  is  used  for  design 
purposes.   Many  theories  have  been  postulated  in  order 
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to  atterr.pt  to  interpret  or  explain  the  behavior  of  the 
mass  transfer  coefficients.  The  most  widely  known  are 
the  two-film,  penetration,  and  surface-renewal. 

Two -film  Theory 

The  oldest  and  most  widely  used  model  for  inter- 
pretation of  mass  transfer  coefficients  is  the  two- 
film  theory    proposed  by  Lewis  and  Whitman.   This 
model  relies  on  a  series  of  assumptions  for  its  utili- 
zation: 

1.  Steady-state  conditions  exist  in  both  phases. 

2.  Rate  of  transfer  is  proportional  to  the 
concentration  gradient. 

3.  Equilibrium  exists  between  liquid  and  vapor 
at  the  interface  with  no  interfacial  resis- 
tance to  flow. 

4.  Hold-up  at  the  interface  is  zero. 

With  these  assumptions,  when  steady- state  conditions 
of  transfer  have  been  reached,  the  rate  of  transfer  N 
from  gas  stream  to  the  interface,  and  from  the  interface 
to  the  liquid  muse  be  equal,  and 

Na  =  kg(p  -  Pi)  =  kl(C.  -  C)  (14) 

where : 

p    =  partial  pressure  of  the  transferring  com- 
ponent in  the  gas  stream 
p.   -  partial  pressure  at  the  interface 
C.   =  concentration  at  the  interface 
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C   =  concentration  in  the  liquid 

k   =  gas  film  mass  transfer  coefficient 

o 

k,   =  liquid  film  mass  transfer  coefficient 
However,  since  the  interface  values  p.  and  C.  are  very 
difficult  to  determine,  the  equation  was  redefined  in 
two  equations: 

Na  =  K  (p  -  p*)  -  ^(C*  -  C)  (15) 

where : 

p*   =  equilibrium  partial  pressure  of  gas  over  a 

solution  having  the  same  concentration 

C  as  the  liquid 
C*   =  concentration  of  a  solution  which  would  be 

in  equilibrium  with  the  gas  partial 

pressure  existing  in  the  main  gas  stream 
K   =  over-all  mass  transfer  coefficient  for  gas 

o 


h 


phase 
over-all  mass  transfer  coefficient  for 
liquid  phase 


Rs    ki 

where : 

m   =  slope  of  solubility  equilibrium  line. 

This  model  has  been  misapplied  in  highly  soluble 

gas  systems  where  the  slope  m  approaches  zero.   Equation 

16  would  then  become  K  =  k  (17) 

S    S 
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indicating  that  the  gas  phase  controls,  and  the  liquid 

o  c 

phase  offers  no  resistance  to  mass  transfer.   Teller 
has  pointed  out  that  in  absorption  with  chemical  reaction 
occurring  a  liquid  is  selected  so  that  no  equilibrium 
partial  pressure  exists  for  the  gas  when  dissolved  and  m 
approaches  zero.   However,  experimentation  has  shown 
that  Equation  17  does  not  hold  and  that  the  liquid 
phase  resistance  can  not  be  assumed  to  be  negligible 
when  chemical  reaction  occurs. 

Penetration  Theory 

In  1935,  Higbie    emphasized  that  in  many  situa- 
tions the  time  of  exposure  of  a  fluid  to  mass  transfer 
is  short,  so  that  the  concentration  gradient  of  the 
film  theory,  characteristic  of  stead)'- state ,  would  not 
have  time  to  develop.   As  an  approximation  to  actual 
conditions,  he  applied  Fick's  second  law  equation  for 
a  one- dimensional  case  and  with  appropriate  boundary 
conditions  found  that  even  with  a  constant  concentration 
gradient,  the  rate  of  absorption  decreases  with  time  of 
exposure.   However,  he  did  not  apply  his  results  to 
absorption  with  chemical  reaction  which  is  the  case  in 
many  applications  at  present. 

Surface  Renewal  Theory 

87 
In  1951 ,  Danckwerts   pointed  out  that  the 

Higbie  theory  was  a  special  case  of  a  situation  where 

the  liquid  eddy  motion  continuously  brings  fresh  liquid 
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to  the  surface,  increasing  Che  rate  of  absorption.   This 
motion  would  tend  to  increase  mass  transfer  to  a  greater 
degree  than  that  predicted  by  Higbie's  penetration 
theory.   While  it  expanded  Higbie's  theory,  it  still 
did  not  apply  to  absorption  with  chemical  reaction  and 
it  could  not:  be  applied  directly  to  highly  turbulent 
flow  conditions. 

Film  Penetration  Theory 

oo 

Toor  and  Marcello    proposed  their  film  pene- 
tration model  in  1958.   They  showed  that  the  film  and 
penetration  models  were  not  separate  concepts,  but 
only  the  limiting  cases  of  their  model.   In  doing  this, 
their  theory  seemed  to  better  explain  some  physical 
conditions  than  did  previous  theories. 

Absorption  with  Chemical  Reaction 

When  mass  transfer  occurs  between  phases  across 
an  interface,  the  resistance  to  mass  transfer  in  each 
phase  creates  a  concentration  gradient  in  each  phase. 
In  the  case  of  purely  physical  absorption,  the  rate  of 
mass  transfer  is  dependent  upon  concentration  gradients 
and  trie  diffusivities  of  the  gas  in  both  phases  as  was 
stated  in  the  "film  theory"  and  as  is  shown  in  Figure  14. 


70 


Figure  14:    Interfacial  Characteristics  in 
Physical  Absorption 

With  the  addition  of  a  rapid  chemical  reaction  to  the 
process,  the  distance  through  which  the  gas  must  diffuse 
in  the  liquid  phase  is  generally  decreased  because 
upon  meeting  the  liquid,  reaction  occurs.   Therefore, 
the  need  for  further  diffusion  no  longer  exists,  in- 
creasing the  over-all  mass  transfer  race.   Figure  15 
illustrates  this  concept. 
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Figure  15:    Interfacial  Characteristics  in 
Absorption  with  Chemical  Reaction 

When  a  slow  chemical  reaction  occurs,  the  distance 
through  which  the  gas  must  traverse  is  only  slightly 
affected  and  the  process  approaches  that  of  physical 

absorption. 

Teller85  indicates  that  as  a  result  of  the  many 
complexities  involved  in  the  mechanism  of  absorption 
accompanied  by  chemical  reaction,  no  rigorous  analyti- 
cal method  of  design  has  been  developed;  but  for  a 
first  order  reaction,  the  rate  of  absorption  is  pro- 
portional to  the  unreacted  gas  concentration  at  the 
interface.   For  a  second  order  reaction,  an  increase 
in  the  concentration  of  unreacted  gas  at  the  interface 
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tends  to  remove  unavailable  unreacted  liquid  from  the 
interfacial  region  and  moves  the  reaction  zone  deeper 
into  the  liquid.   With  this  in  mind,  an  economical  pro- 
cess dictates  the  selection  of  the  proper  liquid  and 
the  occurrence  of  a  first  order  reaction  or  of  a  pseudo- 
first  order  reaction,  an  excess  of  liquid  or  low  gas 
concentrations  in  the  gas  stream. 

Fluoride  Absorption 
Generally,  the  two-film  theory  is  used  for  the 
design  of  fluoride  absorption  units  and  the  interpre- 
tation of  their  performance. 

General  Design  Concepts 

Simplified  equations  have  been  developed  for 
design  calculations  where  low  gas  and  liquid  concentra- 
tions are  involved  and  where  the  equilibrium  curve  is 
linear  or  can  be  assumed  linear  over  the  range  of  con- 
centrations used  in  the  design.   Equation  1 8  is  the 
most  widely  used  equation  for  design  calculations  and  it 
is  based  upon  the  two -film  theory 

h  =  H  N  (18) 

og  og 

where : 

h    =  height  of  tower 

H    =  height  of  transfer  unit 
og      6 

N    =  number  of  transfer  units 
og 

This  ecuation  is  arrived  at  using  Equation  15  as  the 
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starling  point  and  a  differential  section  of  an  absorp- 
tion column  dv ,  in  which  the  rate  of  absorption  is 

N^dv  -  K  (p  -  p*)  dv  =  KjCC*  -  C)  dv  (19) 

If  a  is  the  interfacial  area  per  unit  volume  of  absorber, 
and  S  is  the  tower  cross -sect ion,  then  dv  =  aSdh       (20) 
However,  the  value  of  a  is  usually  not  known  and  diffi- 
cult to  determine,  therefore,  it  is  usual  to  combine 
the  mass  transfer  coefficient  with  the  interfacial  area 
to  form  a  composite  coefficient  K  a  and  Kn a ,  the  Equa- 
tion 19  becomes: 

N  aSdh  =  K  a(p  -  p*)  Sdh  =  SLaCC*  -  C)  Sdh  (21) 

For  gas  absorption,  where  the  molar  rates  of  flow 
of  gas  and  liquid  phases  are  not  constant,  due  to  the 

changes  in  composition  which  occur  over  the  length  of  the 

79 
absorber,  it  has  been  shown   that 

dCVy)  =  Vr-^  (22) 

where : 

V   =  molar  rate  of  flow  of  gas  phase 
y   =  mole  fraction  solute  in  gas  stream. 
Combining  Equations  21  and  22  and  utilizing  simplifing 
assumptions  yields  the  equation  for  the  height  of  the 
absorption  tower  with  gas  film  coefficients 

yl  _dy_  (23) 


K  aP 

6  -y2 


where : 
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G   =  molar  mass  velocity  of  gas,  lb  moles/(hr) 

(ft~)  atm 
P   =  total  pressure  of  system,  atm 
y   =  mole  fraction  of  solute  in  gas  stream 


brium  with  liquid 
yj   =  solute  concentration  of  gas  entering  the 

column,  lb  mole  solute/lb  moles  inert  gas 
Y2      ~    solute  concentration  of  gas  leaving  the 

column,  lb  moles  solute/lb  mole  inert  gas 
This  equation  assumes  that: 

1 .  The  equilibrium  curve  is  linear  over  the 
range  of  concentrations  encountered,  there- 
fore, over-all  coefficients  may  be  used. 

2.  The  partial  pressure  of  the  inert  gas  is 
essentially  cons  cant  over  Che  length  of  the 
column. 

3.  The  solute  contents  of  gaseous  and  liquid 
phases  are  sufficiently  low  Chat  the  partial 
pressure  and  liquid  concentration  values 

may  be  assumed  proportional  to  the  correspond- 
ing values  when  expressed  in  terms  of  moles 
of  solute  per  mole  of  inert  gas. 
Chilton  and  Colburn    introduced  the   concept  that 
the  calculation  of  column  height  invariably  requires  the 
integration  of  a  relationship  such  as  (from  Equation  23) 
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/     _dy-  (24) 

Jy2     >-ye 

The  dimensionless  value  obtained  from  the  integration 
was  called  the  number  of  transfer  units  based  on  an  over- 
all gas  driving  force,  N   ,  and  is  a  measure  of  the 
difficulty  of  the  gas  absorption  operation.   By  substitu- 
tion Equation  23  becomes 

n  -  -S-  N  (25) 

h  "  K  aP  og 
S 

and  the  height  of  the  transfer  unit,  HQg,  can  then 
be  defined  as 

"os-^'V5  '  (26) 

Values  of  N  are  particularly  useful  for  expressing 
the  performance  of  absorption  equipment  in  which  the 
volume  is  not  of  fundamental  importance. 

In  fluoride  absorption  units,  where  a  large 
excess  of  water  is  used,  the  concentration  of  the  acid 
formed  in  the  solution  is  low  and  Y  may  be  neglected 
and  Equation  24  is  simplified  to 

og  Jy2       y  y2 

Since  the  absorption  efficiency,  E,  is  directly  related 
to  y^  and  y~  by 


E  =  (Yl  "  *2)  x  100  (28) 

yl 

then  Equation  27  can  be  rewritten  as 
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Nc8  "  In  <— iW  (29> 

The  necessity  for  fluoride  removal  from  effluent 
gases  has  been  stated  in  previous  chapters.   Fortunately, 
both  hydrogen  fluoride  and  silicon  tetraf luoride  are  very- 
soluble  in  water  and  most  commercial  installations  for 
control  of  fluoride  emissions  make  use  of  this  fact. 
The  vapor  pressure  of  hydrogen  fluoride  over  aqueous 
solucions  is  shown  in  Figure  16,  which  is  based  on  the 

90        91 
data  of  Brosheer.     Whynes    has  presented  the  data  given 

in  Figure  17  on  the  concentration  of  fluosilicic  acid  in 

equilibrium  with  silicon  tetraf luoride  vapors. 

When  silicon  tetraf luoride  is  absorbed  by  water, 

it  reacts  to  form  fluosilicic  acid.   The  mechanism  of 

91 
the  absorption  process  has  been  studied  by  Whynes, 

who  suggested  that  the  reaction  probably  occurs  in  steps, 

as  represented  by  Equations  30  and  31  . 

SiF,  +  2H00=5=2:  SL09  +  4HF  (30) 

4     2         I 

2HF  +  SiF/+-*^H2SiF6  (31) 

The  simple  fluosilicic  acid  probably  reacts  with  addition- 
al SiF,  or  SiO-,  to  form  a  more  complex  form  of  this 
compound.   The  reaction  given  by  Equation  31  is  reversi- 
ble to  Che  point  that  solutions  of  fluosilicic  acid 
exert  a  definite  vapor  pressure  of  HF  and  SiF^. 

As  Figures  16  and  17  indicate,  both  hydrogen- 
fluoride  and  silrcon  tetraf luoride  are  very  soluble  in 
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Solution  Concentration,  WT  Percent  HF 


Figure  16:    Vapor  Pressure  of  Hydrofluoric  Acid 
Over  Dilute  Aqueous  Solutions.90 


Solution  Concentration,  WT  Percent  H0SiF^ 

I         o 


Figure  17s   Vapor  Pressure  of  Silicon  Tetraf luoride 
Over  Aqueous  Solutions  of  Fluosilicic  Acid. 91 
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water  and  the  gas  film  resistance  would  be  expected 

to  be  the  controlling  factor  in  their  absorption.   This 

has  generally  been  verified  by  experimental  evidence 

91 
although  Whynes    found  silicon  tetrafluoride  absorption 

to  be  complicated  by  a  tendency  to  form  mist  droplets 

in  the  gas  and  the  tendency  of  the  silica,  produced  in 

Equation  30,  to  form  a  solid  film  on  the  outside  of  the 

water  droplets,  thus  hindering  absorption. 

91 
Whynes    reported  that  even  though  the  absorption 

of  silicon  tetrafluoride  in  water  is  complex  and  involves 

a  chemical  reaction,  the  precipitation  of  silica,  the 

results  could  be  explained  in  terms  of  the  two- film 

theory. 

Types  of  absorption  equipment  which  have  been 

used  or  proposed  for  the  removal  of  fluoride  vapors 

from  gas  streams  with  water  include  the  following  general 

types : 

1.  Spray  chambers  (vertical  and  horizontal) 

2.  Packed  towers  (low-pressure  grid  packing) 

3.  Venturi  scrubbers 

4.  Wet  cells  (beds  of  wetted  fiber) 

5.  Plate  columns 

6.  Ejectors 

Since  the  scope  of  this  research  was  limited  to  three 
types  of  absorption  equipment;  namely,  spray  chambers, 
venturi  scrubbers,  and  plate  columns,  the  discussion 
from  this  point  on  will  be  limited  to  the  types  studied. 
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Absorption  in  the  Cyclonic  Spray  Chamber 

A  spray  chamber  is  the  simpliest  type  of  absorp- 
tion equipment.   In  general,  it  consists  of  a  cylindri- 
cal tank  in  which  spray  nozzles  are  mounted  in  the  upper 
section  and  the  droplets  generated  fall  downwards  with 
some  liquid  flowing  downward  on  the  interior  walls. 
Although  the  liquid  and  gas  streams  may  be  concurrent, 
the  most  common  type  is  a  countercurrent  flow  where 
the  gas  stream  is  introduced  at  the  lower  section  of 
the  tower  tangent ially  so  that  a  spiral  motion  is  im- 
parted to  the  gas  and  che  liquid  sprays  are  directed 
radiall)  .   True,  countercurrent  flow  is  difficult  to 
maintain  due  to  flow  characteristics  and  spray  entrain- 
ment ,  which  tend  to  limit  the  mass  transfer  available. 
Some  spray  towers  have  been  successful  in  the  absorp- 
tion of  slightly  soluble  gases,  but  since  the  mixing 
of  spray  and  gas  is  not  as  vigorous  as  in  other  equip- 
ment, the  application  of  spray  towers  is  best  suited 
to  operations  involving  easily  absorbed  gases. 

In  spray  chambers,  liquid  dispersion  is  created  • 
by  liquid  phase  mechanical  power  consumption.   Due  to 

scrubber  design,  gas  phase  power  consumption  is  usually 

9? 
quite  low,  and  Lunde  ~  found  that  removal  efficiency 

depends  largely  upon  the  power  expended  in  the  liquid 

phase.   He  stated  that  the  number  of  transfer  units 

would  be  related  to  power  introduced  in  the  liquid  and 

gas  phase  by 
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P.,  =    power  introduced  in  liquid 

P   =  power  introduced  in  the  gas 

81  79  77 

Perry,    Sherwood  and  Pigford,    and  Treybal 

have  suntniarized  various  studies  mainly  pertaining  to  sul- 
fur dioxide  removal  and  have  presented  curves  for  the 
number  of  transfer  units  versus  liquid  and  gas  mass 
flow  rates. 

In  any  attempt  to  compare  the  performance  of 
different  types  of  absorption  equipment,  fixed  operating 
conditions  for  each  installation  present  a  problem,  and 
an  uncertainty  exists  as  to  the  controlling  factors  in 
the  performance  of  the  equipment,  unless  these  factors 
have  been  explored  over  a  wide  range  on  a  pilot  plant 
scale.   Unfortunately,  laboratory  or  pilot  plant  data 

on  the  absorption  of  fluorides  are  practically  non-existant . 

93 

Sherwin   reported  on  14  full-size  widely  differing 

installations  ranging  from  continuous  spray  towers  to 

continuous  ejection  systems.   Efficiencies  up  to  99.3 

percent  were  obtained  and  values  for  K  a  were  reported. 

However,  the  volume  coefficient  K  a  has  little  value 

g 

as  a  means  of  correlating  spray  equipment  because  the 
area  for  mass  transfer  a  varies  with  liquid  rate,  noz- 
zle design,  liquid  pressure,  distance  from  nozzle,  and 
other  factors.   Performance  of  different  fluoride 
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vapor  absorbers  may  be  compared  on  the  basis  of  the 
number  of  transfer  units  in  a  given  piece  of  equipment, 
or,  more  simply,  on  the  basis  of  percentage  removal 
efficiency. 

Absorp tion  in  the  Venturi 

In  the  venturi  scrubber,  the  velocity  of  the  gases 
causes  the  atomization  of  the  scrubbing  liquid.   A  typi- 
cal venturi  scrubber  has  the  gas  stream  pass  at  a  high 
velocity  through  the  venturi  with  the  scrubbing  liquid 
being  introduced  at  relatively  low  pressure  at  the  venturi 
throat  where  shearing  of  the  liquid  and  droplet  formation 
take  place.   Large  areas  of  liquid  are  made  available 
to  contact  the  gas  as  a  result  of  a  high  degree  of  dis- 
persion which  takes  place  at  the  throat,  due  to  an  in- 
crease in  the  throat  velocity.   The  energy  required  for 
forming  droplets  and  intimate  mixing  with  the  gas  is 
furnished  by  the  gas  stream.   The  resulting  spray  of 
liquid  mixes  with  the  gas  and  absorption  takes  place. 
It  is  necessary  that  an  entrainment  separator  be  pro- 
vided at  the  discharge  of  the  venturi  to  remove  the  en- 
trained liquid  from  the  gas.   The  entrainment  separator 
is  usually  of  cyclonic  design  and  normally  the  venturi  - 
cyclonic  spray  chamber  is   installed  as  a  single  unit. 

Venturi  scrubbers  were  designed  originally  for 

94,95 
dust  and  mist  removal,  and  considerable  research 

92 

has  been  done  in  this  area.   Lunde   has  reported  on 
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venturi  installations  for  sulfur  dioxide  removal  and  has 
suggested  that  their  performance  on  fluoride  vapors 
would  be  controlled  by  the  same  factors  as  SO-,.   The 
literature  contains  isolated  cases  reporting  on  the  per- 
formance of  various  venturi  scrubber  installations  in 

91  9?  93 

removing  gaseous  fluoride  from  process  gases.   '   ' 

92 
Lunde    reported  on  venturi  units  using  water  as  the 

scrubbing  liquid  with  removal  efficiencies  generally 

in  the  95  to  98  percent  range  when  employed  for  hydrogen 

fluoride  absorption. 

In  general,  the  average  pressure  drop  across  a 

venturi  varies  from  10  to  50  inches  of  water  depending 

upon  scrubber  design.   The  liquid  requirement   has  been 

found  to  be  between  3  to  1  5  gpm  per  1000  cfm  with  power 

requirements  in  the  range  from  1  to  1 0  horsepower  per 

92 
1000  cfm.   Lunde    also  reports  on  attempts  to  correlate 

the  number  of  transfer  units  with  power  requirements  and 

he  proposed  that 

N    :  S  (pO'^CP  °'8)  (33) 

og       ±       8 

This  indicates  the  dependence  of  the  efficiency  of  the 
venturi  on  the  energy  introduced  to  the  gas  phase. 

Absorption  in  the  Baffle  Plate  Impingement  Column 

In  plate  towers,  the  gas-liquid  contacting  takes 
place  on  a  series  of  plates  installed  in  a  cylindrical 
column.   The  plates  are  perforated  by  small  holes  through 
which  the  gas  passes  while  the  liquid  flows  across  the 
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pi?. to  to  a  downcomer  to  the  next  plate  in  the  column. 
The  gas  stream  passes  up  through  the  perforated  holes 
in  the1  form  of  irregular  bubbles  and  through  the  liquid 
layer  on  top  of  the  plate  and  mixes  with  the  liquid. 
Rapid  absorption  occurs  by  virtue  of  the  large  interphase 
surface  produced  by  the  small  bubbles  generated. 

The  literature  abounds  with  studies  on  this  type 

of  scrubber  and  the  American  Institute  of  Chemical 

96 
Engineers  has  published  a  design  manual    relating  many 

of  the  variables  of  these  studies.   Studies  have  related 

mass  transfer  efficiency  to  plate  characteristics  such 

as  weir  height,  to  gas  flow  rates  and  velocities,  and 

81 
to  liquid  flow  rates.   However,  as  Perry    indicates, 

studies  must  be  performed  under  similar  conditions  and 
this  has  generally  not  been  the  case.   Since  this  type 
of  scrubber  is  not  generally  employed  in  fluoride  re- 
moval processes,  no  information  was  available  in  the 
literature  regarding  fluoride  scrubbing.   However,  if 
a  parallel  may  be  drawn  with  sulfur  dioxide  scrubbing, 
efficiencies  above  90  percent  have  been  reported  with 
high  liquid  to  gas  ratios  (50  to  100  gpm  per  1000  cfm) . 

Correlation  of  Scrubber  Efficiencies 

Absorption  data  are  usually  presented  in  terms 
of  the  effect  of  liquid  or  gas  mass  flow  rates  on  the 
mass  transfer  coefficient,  or  on  the  height  of  transfer 
unit.   The  economic  evaluation  of  equipment  requires 
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translating  these  data  into  over-all  performance  as 
measured  by  efficiency  or  number  of  transfer  units. 
Perry   and  Lunde   have  indicated  that  it  is  difficult 
to  compare  two  basically  different  types  of  equipment 
in  terms  of  mass  transfer  coefficients,  mass  flow  rates, 

or  height  of  transfer  unit. 
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Semrau,    Lunde,    and  others  have  correlated 

the  efficiency  of  a  scrubber  expressed  in  number  of 
transfer  units,  with  total  power  consumption,  the  pres- 
sure loss  of  the  gas  passing  through  the  scrubber  and 
the  pressure  loss  required  for  atomization  of  the  scrub- 
bing liquid.   To  date  this  seems  to  be  the  most  accepted 

method  of  making  comparisons  between  different  types  of 

97 

equipment.   Semr?-u   nas  plotted  the  number  of  transfer 

units  against  total  power  consumption  on  a  log-log  plot 
and  expressed  the  results  in  the  form 

Nt  =  aPT3  (34) 

where  a  and  P  are  characteristic  parameters  of  the 
material  being  removed.   He  applied  this  equation  to 
dusts  and  mists  and  determined  that  the  efficiency  of 
collection  could  be  expressed  in  terms  of  total  power 
used  and  the  characteristics  for  the  dusc  being  collected, 
and  independently  of  the  actual  type  of  scrubber  being  used, 

For  this  study,  since  the  prediction  of  exact  mass 
transfer  characteristics  would  be  very  difficult  due  to 
the  unavailability  of  data,  the  procedure  described  by 
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Lunde92  was  used.   No  specific  models  nor  correlations 
were  used  to  predict  the  results  of  this  experiment. 
Only  references  to  general  tendencies  of  variables  and 
comparisons  with  previous  correlations  were  made. 


CHAPTER  V 
THE  EXPERIMENT 

The  purpose  of  this  research  project  was  to 
study  the  effects  of  certain  scrubber  operating  vari- 
ables upon  the  removal  efficiency  of  gaseous  fluoride 
emitted  from  a  wet-process  phosphoric  acid  plant.   In 
order  to  accomplish  this  purpose,  a  portable  pilot 
plant  was  constructed  and  taken  to  the  Occidental 
Chemical  Company  facility  located  near  White  Springs, 
Florida.   The  pilot  plant  contained  four  types  of  air 
cleaning  devices,  liquid  and  gas  handling  equipment, 
and  laboratory  facilities.   The  description  and  use 
of  the  equipment,  the  experimental  procedures  followed, 
and  the  analytical  techniques  used  for  fluoride  deter- 
minations will  be  discussed  in  this  chapter. 

The  previous  discussion  on  the  mechanism  of 
absorption,  especially  fluoride  absorption,  formed 
the  basis  for  the  selection  of  the  variables  studied 
in  this  experiment.   The  description  of  the  experimental 
pilot  plant  will  help  clarify  many  of  the  decisions 
regarding  the  variables  studied  and  the  experimental 
procedure . 

86 


87 


Experiroe nf  Design 
Operating  Variables 

From  the  previous  discussion  of  absorption,  it 
can  be  seen  thai  the  absorption  phenomenon  is  exceeding- 
ly complex  and  is  normally  studied  under  laboratory 
conditions.   Pilot  plant  operation  requires  the  selection 
of  operating  variables  that  can  be  measured  accurately 
with  relative  ease.   Also,  the  variables  measured 
should  give  information  that  can  be  used  for  improve- 
ment of  existing  equipment  and  for  the  design  of  new 
equipment.   The  variables  considered  for  this  project 
were: 

1.  Fluoride  concentration  in  acid  plant  effluent 

gas 

2.  Effluent  gas  flow  rate 

3.  Effluent  gas  temperature 

4.  Scrubbing  liquid 

5.  Liquid  flow  rate 

6.  Liquid  temperature 

7.  Energy  requirements 

Since  the  White  Springs  phosphoric  acid  plant 
was  an  integral  part  of  a  fertilizer  manufacturing 
complex,  the  plant's  production  requirements  were  closely 
controlled.   Since  the  pilot  plant  operation  was  second- 
ary to  the  operation  of  the  phosphoric  acid  plant,  the 
pilot  plant  used  whatever  effluent  gas  was  available 
from  the  reactor.   For  this  reason,  the  gas  from  the 
reactor  varied  in  fluoride  concentration  depending  upon 
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operating  conditions.   The  effluent  gas  temperature 
also  depended  upon  the  reactor  conditions  which  were 
under  the  control  of  the  plant  operating  personnel. 
Temperatures  recorded  in  the  pilot  plant  operations  were 
between  145°  and  165°F. 

The  gas  flow  rate  was  limited  by  the  capacity 
of  the  pilot  plant  equipment  and  by  the  pressure  drop 
in  the  connecting  ductwork  between  the  pilot  plant  and 
the  acid  plant  reaction  tank.   The  gas  flow  rate  was 
controlled  as  required  but  was  also  influenced  by  liquid 
flow  rates  in  certain  equipment. 

The  types  of  scrubbing  liquid  used  were  limited 
to  the  liquids  readily  available  at  a  wet-process  phos- 
phoric acid  plant,  well  water  and  gypsum  pond  water. 
The  liquid  temperature  was  limited  to  that  associated 
with  the  liquids  available  for  this  study.   Well  water 
temperature  is  fairly  constant  year-round,  but  gypsum 
pond  water  varies  depending  upon  the  season  of  the 
year. 

The  liquid  flow  rate  was  limited  by  the  capac- 
ities of  the  equipment  studied.   Most  manufactures  of 
absorption  equipment  specify  the  liquid  flow  rate  for 
their  equipment  based  upon  liquid/gas  ratios  that  have 
been  established  for  each  type  of  equipment.   The  liquid 
flow  rate  was  controlled  over  a  wide  range  of  flow  rates 
which  included  the  manufacturer's  suggested  flow  rate. 

The  energy  requirements  of  each  type  cf  scrub- 
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ber  were  dependent  upon  the  operating  conditions  of  the 
scrubber  and  were,  therefore,  only  indirectly  controlled. 
However,  the  energy  requirements  are  an  important  means 
of  determining  the  most  economical  type  of  equipment 
for  a  given  application  and  the  parameters  affecting 
energy  loss  were  measured. 

After  consideration  of  the  variables  mentioned, 
the  scrubbing  liquid  and  the  liquid-to-gas  flow  rate 
ratio  were  selected  for  study  in  this  experiment. 

Preliminary  Investigations 

Due  to  the  design  of  the  pilot  plant,  it  was 
found  that  the  capacity  of  the  cyclonic  spray  chamber 
and  the  venturi-cyclonic  scrubber  was  limited  to  ap- 
proximately 75  percent  of  the  rated  capacity  of  the 
unit.   This  limit  in  capacity  was  due  in  part  to  the 
pressure  drop  caused  by  the  extended  run  of  ductwork 
from  the  reaction  tank  to  the  pilot  plant.   Since  this 
level  was  below  the  rated  capacity,  it  was  felt  that 
there  was  nothing  to  be  gained  by  running  at  a  level 
lower  than  the  75  percent  level;  therefore,  the  gas 
flow  rate  was  held  essentially  constant  throughout 
this  study.   This  limitation  led  to  a  change  in  the 
design  of  the  experiment,  and  required  that  the  liquid/ 
gas  ratio  be  varied  by  holding  the  gas  flow  rate  constant 
and  varying  the  liquid  flow  rate. 
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Response 

The  response  selected  to  measure  the  results  of 
the  experimentation  was  the  percentage  removal  of  fluo- 
ride, which  gives  a  measure  of  the  efficiency  of  each 
type  of  equipment  under  various  operating  conditions. 
Other  characteristics  of  the  absorption  process,  such 
as  number  of  transfer  units,  can  be  readily  obtained 
from  the  response  selected. 

Replication  of  Experiments 

In  a  statistical  analysis,  replication  is  neces- 
sary in  order  to  estimate  the  experimental  error.   Since 
the  process  would  vary  from  day-to-day,  and  at  times  from 
hour-to-hour,  it  was  necessary  to  run  the  replications 
back-to-back.   While  this  did  not  completely  randomize 
the  data,  it  was  felt  that  this  would  be  the  only  pro- 
cedure that  would  provide  an  estimate  of  the  experimen- 
tal error  involved. 

Equipment  Description 
The  equipment  used  in  this  research  was  installed 
on  two  twelve-ton  trailers,  moved  to  the  Occidental 
Chemical  Corporation  plant  at  White  Springs,  Florida, 
and  connected  into  the  wet-process  phosphoric  acid 
process  reaction  tank.   The  completed  installation 
at  White  Springs  is  shown  in  Figure  18.   Figure  19 
shows  the  installation  from  another  vantage  point. 
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The  four  scrubbing  units  studied  are  shown  in  Figure 
18.   In  this  figure,  "A"  is  the  Airetron  cyclonic  spray 
chamber,  "AV"  is  the  Airetron  venturi,  "P"  is  the 
Peabody  impingement  baffle  plate  column,  and  "AAF"  is 
the  American  Air  Filter  variable  throat  venturi  scrubber, 

Wet- Process  Phosphoric  Acid  Plant 


The  Occidental  Chemical  Company  plant  at  White 
Springs  was  built  by  Dorr-Oliver  Company  in  1965  and 
at  that  time  was  the  most  modern  phosphoric  acid  plant 
in  the  world.   It  had  a  single- tank  reactor,  vacuum 
cooling  of  the  reactor  slurry,  and  a  Bird-Prayon  rotary 
filter.   Slack    reports, as  of  1966,  this  plant  was 
the  largest  single- tank  phosphoric  acid  plant  in  the 
world,  with  a  capacity  of  650  tons  of  P205  per  day. 
Slack  lists  a  total  of  19  installations  using  this 
process,  ranging  in  capacity  from  less  than  50  tons  of 
p2°5  Per  day  to  over  650  tons  of  P-0,-  per  day.   Figure 
20  is  a  flow  diagram  for  the  plant  located  at  White 
Springs,  Florida. 

Since  the  acidulation  process  releases  large 
amounts  of  fluoride  in  the  reaction  tank  some  form 
of  air  pollution  control  equipment  is  required  for 
the  process.   Normally,  the  single- tank  reactor  is 
vented  to  a  cyclonic- type  of  wet  scrubber  using  contami- 
nated, cooled,  gypsum  pond  water  as  the  scrubbing  liquid. 
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Occidental  Chemical  Corporation  employs  two  Airetron 
cyclonic  spray  chamber  scrubbers  in  series  to  remove 
the  fluorides  evolved  in  and  around  the  wet-process 
phosphoric  acid  plant.   The  scrubbers  were  designed 
for  an  inlet  loading  of  282  mg  per  cu  ft  at  a  tempera- 
ture of  135  F,   Figure  21  shows  the  Occidental  instal- 
lation. 

Liquid  Handling  System 

Figure  22  is  a  schematic  diagram  of  the  liquid 
handling  system.   Pictorial  views  of  this  system  are 
given  in  Figures  18  and  19. 

The  storage  tanks  were  6 -feet  in  diameter  and  6- 
feet  10 -inches  high.   Liquid  in  the  form  of  gypsum 
pond  water  and  well  water  was  supplied  to  the  tanks 
from  outlets  located  in  and  around  the  wet-process  phos- 
phoric acid  plant.   The  tanks  were  fabricated  from 
Type  316  stainless  steel.   Figure  23  shows  the  tanks 
located  on  the  tank  trailer. 

An  open  impeller  end  suction  pump,  Type  \\   CORY 
manufactured  by  Ingersoll-Rand  Corporation, was  used 
for  liquid  pumping.   A  second  pump  serves  as  a  standby 
unit  in  case  of  emergency.   Both  pumps  had  5  horse- 
power, 440  volt,  3  phase,  3600  rpm ,  TEFC,  60  cycle 
General  Electric  motors  and  were  designed  for  90  gpm 
at  97  foot  total  head, 
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The  piping  was  sized  for  the  purposes  desired  and 
was  constructed  from  Type  1  PVC  (polyvinyl  chloride)  due 
to  the  acidic  conditions  that  were  experienced.   All 
required  valves  and  fittings  were  also  of  PVC  construc- 
tion.  A  piping  schematic  is  shown  in  Figure  22  and  pipe 
line  sizes  are  noted  thereon. 

Liquid  flow  was  measured  by  sharp- edge  orifices, 
which  were  calibrated  at  the  plant  site.   The  orifices 
were  made  to  the  specifications  contained  in  the  ASHE 
Power  Test  Code  Manual  and  were  manufactured  by  Daniel 
Industries,  Incorporated.   The  diameters  of  the  orifices 
are  given  in  Table  6  and  the  locations  of  the  orifices 
are  shown  schematically  in  Figure  22.   The  orifices 
were  calibrated  by  weighing  the  volume  of  liquid  pass- 
ing through  the  orifice  for  a  period  of  time  and  noting 
the  pressure  drop  associated  with  this  flow  rate.   Pres- 
sure gauge  locations  are  shown  schematically  in  Figure  22 

TABLE  6 

LIQUID  HANDLING  SYSTEM  ORIFICES 

Location  Diameter  (inches) 

Airetron  spray  chamber 
Airetron  spray  nozzles 
Airetron  venturi 
Peabody  tray  feed 
American  air  filter 


0, 

,750 

0. 

,750 

0, 

,750 

0, 

,625 

0, 

,500 

100 


Temperature  was  measured  using  copper-constantan 
thermocouples  placed  in  Type  316  stainless  steel  thermo- 
couple wells.   Thermocouple  locations  are  shown  schemati- 
cally in  Figure  22. 

Gas  Handling  System 

The  gas  handling  system  included  a  blower,  duct- 
work, scrubbers,  and  exhaust  stacks.   The  system  is  shown 
schematically  in  Figure  24  and  pictorially  in  Figures 
18  and  19. 

The  blower  was  manufactured  by  the  New  York 

Blower  Company.   The  original  "Type  P"  unit  was  modified 
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for  the  previous  studies  conducted  by  Crowley   and 

99 
Galeano.     The  impeller  and  fan  housing  were  rubber 

coated  for  this  study  due  to  the  corrosive  nature  of  the 

gas  which  was  handled.   The  blower  had  a  25  horsepower, 

440  volt,  3  phase,  3600  rpm,  TEFC ,  60  cycle  electric 

motor,  and  was  designed  for  2500  cfm  at  0.7516  pounds 

per  cubic  foot  air  density  at  a  static  pressure  of  41 

inches  of  water.   The  blower  is  shown  in  Figures  18,  19 

and  23. 

The  ductwork  was  of  Type  1  PVC  and  filament  wound 
glass  construction.   The  diameter  varied  according  to 
location.   Flanged  connections  were  used  whenever 
possible.  '  A  system  of  blind  flanges  were  used  to  direct 
the  gas  flow  into  the  equipment  under  study.   Figure  24 
schematically  shows  the  blind  flange  locations. 

Gas  flow  was  measured  by  square-edge  orifices  of 


101 


102 


Type  316  stainless  steel  construction.   Orifice  locations 
are  shown  schematically  in  Figure  24.   The  orifices  were 
made  to  the  specifications  contained  in  the  A SHE  Power 
Test  Code  Manual1    and  were  manufactured  by  Daniel 
Industries,  Incorporated.   The  orifices  were  calibrated 
using  a  pitot  tube  traverse  across  a  section  of  known 
duct  diameter  and  noting  the  pressure  drop  across  the 
orifice  associated  with  this  flow  rate.   The  pressure 
drop  across  each  orifice  was  measured  by  a  water-filled 
manometer.   Table  7  indicates  the  orifice  locations 
and  diameters.   Figure  24  schematically  locates  the  ori- 
fices.  Since  the  orifices  could  not  be  installed  with 
proper  distances (upstream  and  down stream) between  che 
orifices  and  elbows  in  the  ductwork,  it  was  necessary 
to  calibrate  each  orifice  in  place. 

TABLE  7 

GAS  HANDLING  SYSTEM  ORIFICES 

Location  Diameter  (inches) 

Airetron  duct  5.000 
Peabody  duct  3.000 
American  air  filter  duct 3.000 

Gas  temperature  was  measured  using  copper-constan- 
tan  thermocouples  placed  in  Type  316  stainless  steel 
thermocouple  wells.   Thermocouple  locations  are  shown 
schematically  in  Figure  24. 
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Cyclonic  Spray  Chamber  Scrubber 

The  2600  cfm  rated  capacity  cyclonic  spray 
chamber  scrubber  was  designed  and  manufactured  by  Aire- 

tron  Engineering  Company.   Figure  25  diagrammat ically 
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describes  this  unit.   Crowley    and  Galeano    described 

this  unit  in  some  detail.   In  general,  the  unit  was 
constructed  of  Type  316  stainless  steel  and  consisted  of 
a  circular  chamber  3  feet  in  diameter  and  7  feet  high, 
and  had  a  lower  cone  1 5  inches  high  with  a  3  inch  dia- 
meter bottom  liquid  drain.   A  6  inch  Yorkrnesh  Demister 
was  initially  located  at  the  top  of  the  circular  chamber 
however,  due  to  silica  gel  formation  the  demister  was 
removed.   The  amount  of  silica  gel  formed  was  sufficient 
to  cause  the  pressure  drop  in  the  spray  chamber  to  rise 
f rom  1  inch  of  water'to  approximately  12  inches  of  water 
in  a  2- to- 3  hour  period. 

The  scrubbing  liquid  was  fed  to  this  scrubber 
from  a  \\    inch  pipe  to  an  outer  circular  ring  on  the 
top  of  the  chamber  which  fed  4  spray  boxes  located  at 
90°  intervals  about  the  chamber.   Each  spray  box  con- 
tained 4  Type  316,  Model  No.  47  flat  spray  jet  nozzles 
with  a  0.093  inch  diameter  orifice.   The  spray  boxes 
were  individually  valved  in  order  to  provide  approxi- 
mately the  same  liquid  flow  to  each  spray  box. 

A  \\   diameter  Type  1  PVC  header  was  located  under 
the  demisting  section  and  was  used  to  supplement  the 
liquid  flow  from  the  sprays  when  necessary.   This  header 
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was  equipped  with  4  Airetron  full  cone,  90   spr£iy  noz- 
zles having  a  recommended  operating  pressure  of  50  psig, 
The  scrubber  was  operated  in  the  cyclonic  spray  chamber 
configuration  with  the  venturi  section  in  place  but 
without  feedwater  to  the  venturi. 

Venturi  -  Cyclonic  Scrubber 

The  2600  cfm  rated  capacity  venturi  -  cyclonic 
scrubber  was  designed  and  manufactured  by  Airetron 

Engineering  Corporation.   Figure  26  diagrammatically 
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describes  this  unit.   Crowley   and  Galeano   described 

this  unit  in  detail.   It  was  the  same  unit  as  described 
previously  with  a  Type  316  stainless  steel  venturi  sec- 
tion installed  on  a  tangential  inlet.   The  venturi  had 
a  2  x  11  inch  throat  and  was  8  inches  high.   The  scrub- 
bing liquid  was  introduced  into  the  top  of  the  venturi 
by  two  weir  boxes.   The  liquid  flowed  over  each  weir 
into  the  venturi,  down  two  sides  of  the  converging 
section  to  the  throat  under  gravity. 

Gas  entered  the  venturi  through  a  90   fiberglass 
box  located  on  the  top  of  the  venturi  as  shown  in 
Figure  19.   No  design  changes  were  made   to  this  piece 
of  equipment  for  the  purpose  of  this  study. 

Impingement  Baffle  Plate  Column 

The  350  cfm  rated  capacity  impingement  baffle 
plate  column  was  designed  and  manufactured  by  Peabody 
Engineering  Corporation.   Figure  27  diagrammatically 
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describes  this  unit.   Crowley   also  described  this  unit 

in  some  detail.   In  general,  it  was  14  inches  in  dia- 
meter, 8  feet  high,  and  had  a  6  inch  radial  inlet  and  a 
6  inch  center  outlet.   There  were  three  impingement 
baffle  plate  stages  and  a  tangential  entrainment  separa- 
tion stage  at  the  top.   Each  plate  had  a  downcomer  pipe 
that  lead  to  the  next  lower  plate.   The  downcomer  liquid 
flowed  onto  the  plate,  over  an  influent  weir,  across  the 
plate,  and  to  the  next  downcomer.   The  liquid  discharge 
level  from  the  top  and  center  plates  was  controlled  by 
an  adjustable  effluent  weir  set  at  a  height  of  one  inch. 
The  discharge  level  from  the  bottom  plate  was  not  controlled 
Each  plate  was  perforated  with  approximately  600  3/16  inch 
diameter  holes  providing  approximately  22  percent  open 
area.   A  baffle  was  installed  over  each  hole  to  cause  the 
bubbling  action  necessary  for  adequate  mass  transfer  to 
take  place. 

Scrubbing  liquid  was  fed  into  the  scrubber  at 
two  points.   A  flow  of  2  gpm  was  maintained  at  the  gas 
inlet  for  use  as  a  humidifing  spray  while  the  remaining 
liquid  was  fed  to  the  top  plate  to  complete  the  flow 
cycle  previously  mentioned. 

Variable  Throat  Venturi 

The  1000  cfm  rated  capacity  variable  throat 
venturi  was  designed  and  manufactured  by  the  American 

Qg 

Air  Filter  Company.   Crowley'   described  this  unit  in 
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son>e  detail.   In  general,  Che  unit  contained  a  variable 
throat  venturi,  a"Rotoclone" type  demisting  section, 
blower,  liquid  recirculation  tank,  and  pimp.   The  scrub- 
bing liquid  was  sprayed  into  the  gas  stream  through  a 
nozzle  located  in  the  throat.   The  throat  dimensions 
were  3  inches  by  2.75  inches  giving  a  full  open  throat 
area  of  8.2  5  square  inches  and  an  one -half  open  area  of 
4.125  square  inches. 

The  demisting  section  consisted  of  a  14  inch  dia- 
meter column  with  an  inverted  cone  inside,  which  was  an 
American  Air  Filter  Company  "Roto-Clons , "  a  type  of 
centrifugal  demister.   The  recirculation  tank  and  pump 
were  not  used  in  this  study. 

Instrumen tation 

Gas  flow  rates  were  measured  with  water -filled 
manometers  installed  in  the  instrument  room.   Liquid 
flow  rates  were  measured  with  mercury-filled  manometers 
installed  in  the  instrument  room. 

Temperatures  were  measured  by  means  of  copper- 
constantan  thermocouples  installed  in  Type  316  stainless 
steel  wells  as  stated  previously.   The  leads  of -the 
thermocouples  were  connected  to  a  16-point  recording 
potentiometer  for  continuous  monitoring  and  recording. 
The  recorder  was  a  Minneapolis  -  Honeywell  Electronik, 
Model  153x60  -  P16-II-III-31 -FI,  calibrated  for  copper- 
constantan  thermocouples  and  used  recorder  chart  number 
5270  with  a  full  scale  range  of  0  to  500°F. 
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Flue  gas  moisture  was  measured  by  means  of  wet- 
bulb  mercury  thermometers  placed  in  the  gas  ductwork 
at  locations  shown  in  Figure  24.   All  gas  flows  were 
corrected  to  68  F,  29.92  inches  of  mercury,  and  dry- 
conditions.   Relative  humidity  was  found  by  using  the 
psychrometric  chart  published  by  the  American  Society 
of  Heating,  Ventilating,  and  Air  Conditioning  Engineers. 

Static  pressure  was  measured  by  water-filled 
manometers.   Type  316  stainless  steel  tubing  was  used 
to  connect  ail  pressure  taps  with  the  manometer  board 
located  in  the  instrument  room. 

Experimental  and  Analytical  Procedures 

Preparation  for  t he  Study 

Since  the  operation  of  the  scrubbing  equipment 
was  dependent  upon  the  operation  of  the  wet-process 
phosphoric  acid  plant,  it  was  necessary  to  check  the 
operating  schedule  for  the  plant  prior  to  beginning  data 
collection  on  any  given  day.   Initially,  the  process 
operator  was  questioned  to  see  if  the  plant  would  be 
running  all  day  and  if  he  was  experiencing  an\  operat- 
ing difficulties.   Then,  the  covers  on  the  reaction 
tank,  launder  to  filter  feed  tank,  and  filter  feed  tank 
were  checked  to  insure  that  they  were  in  place  and  were 
providing  an  adequate  seal. 

Once  it  had  been  established  that  the  plant  was 
operating  and  would  continue  to  operate  throughout  the 
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day,  Che  scrubbing  liquid  was  then  fed  into  the  correct 
storage  tank.   One  tank  was  reserved  for  well  water  and 
the  other  tank  was  reserved  for  gypsum  pond  water. 
Both  the  well  water  and  gypsum  pond  water  were  supplied 
from  outlets  inside  the  phosphoric  acid  plant.   Normally, 
the  flow  rate  to  the  tanks  exceeded  the  flow  rate  to 
the  scrubbers,  therefore,  it  was  occasionally  necessary 
to  observe  the  fluid  level  in  the  tanks  to  avoid  over- 
flow. 

Typical  Experimental  Run 

A  typical  experimental  run  was  as  follows: 

1 .  All  pressure  taps  for  measuring  gas  flow 
and  gas  pressure  were  cleaned.   This  was 
necessary  since  at  times  the  silica  gel 
build-up  at  these  points  was  sufficient, 
over  a  period  of  1-2  hours,  to  cause  errone- 
ous readings. 

2.  The  gas  blower  was  started. 

3.  The  valves  in  the  liquid  lines  were  opened 
to  allow  flow  from  the  storage  tank,  to 
the  pump,  and  back  to  the  storage  tank. 

4.  The  liquid  pump  was  started  and  the  valves 
controlling  the  flow  rate  to  the  unit  under 
study  were  adjusted  to  the  required  level. 
This  operation  necessitated  balancing  the 
flow  rate  to  the  storage  tank  and  to  the  unit 
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The  temperature  recorder  was  started. 
The  unit  was  allowed  to  reach  equilibrium 
conditions  before  any  data  collection  began. 
A  30- minute  period  was  allowed  for  equilib- 
rium to  occur,  because  it  had  been  observed 
that  equilibrium  would  occur  after  15  to  20 
minutes . 

During  the  time  allotted  to  attain  equilib- 
rium, the  sampling  trains  were  set-up  and 
tested  for  operation.   The  gas  flow  rate 
through  each  train  was  adjusted  and  the 
initial  dry  gas  meter  readings  were  recorded 
at  this  time. 

Once  equilibrium  was  assumed  to  have  been 
reached,  the  cutlet  sampling  probe  was  placed 
into  the  duct,  and  the  outlet  sampling  train 
was  started.   Normally,  15  to  18  minutes  at 
approximately  0.9  cfm  were  required  to  obtain 
a  sample  in  the  concentration  range  desired 
for  fluoride  measurement. 

The  inlet  sampling  probe  was  placed  into  the 
duct  and  the  sampling  train  was  started. 
Normally,  5  to  8  minutes  at  approximately 
0.85  cfm  were  required  to  obtain  a  sample  in 
the  concentration  range  desired  for  fluoride 
measurement.   The  inlet  sampling  train  was 
placed  in  operation  approximately  5  minutes 
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after  the  outlet  sampling  train  was  placed 
in  operation. 

10.  When  required,  samples  of  the  inlet  and 
outlet  scrubbing  liquid  were  obtained. 

11.  During  the  experimental  run,  the  following 
values  were  recorded: 

a.  Fressure  drop  across  the  gas  flow  orifice 

b.  Pressure  drop  across  the  scrubber 

c.  Pressure  drop  across  the  liquid  flow 
orifice 

d.  Liquid  pressure  at  the  scrubber 

e.  Wet -bulb  temperature  of  inlet  and  out- 
let gas 

f.  Temperatures  and  pressures  at  the  dry 
gas  meters. 

12.  After  both  gas  samples  were  taken,  the  final 
dry  gas  meter  readings  were  recorded, 

13.  The  inlet  and  outlet  sample  tubing  was 
removed  from  the  probes  and  placed  with  the 
impingers  for  cleaning  and  analysis. 

14.  The  replication  for  the  experiment  was  run 
following  the  same  procedure  as  outlined 
above.   The  liquid  flow  rate  was  reset  as 
closely  as  possible  to  the  initial  flow  rate. 

15.  The  scrubber  was  then  made  ready  for  the  next 
experimental  run.   It  was  net  possible,  nor 
was  it  considered  necessary,  to  wash  the 
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unit  down  after  each  experiment.   Due  to 
equipment  difficulties,  the  blower  was  not 
shut  down  between  runs  and,  therefore,  the 
only  change  necessary  to  begin  a  new  experi- 
mental run  was  to  set  a  new  liquid  flow  rate. 
This  procedure  may  have  affected  the  assumed 
independence  of  experiments  and  introduced 
statistical  bias;  however,  it  was  the  only 
method  possible  under  the  operating  conditions 
16.    The  impinger  samples  were  analyzed  while 
awaiting  equilibrium  conditions  to  be 
reached  for  the  next  experimental  run. 

Fluoride  Sarnpl  ina  and  Analysis 

Considerable  interest  has  been  directed  toward 
the  determination  of  gaseous  and  particulate  fluoride 
in  ambient  air  and  stack  effluents.   However,  sampling 
of  effluents  that  contain  fluorides  is  often  hampered 
by  the  reactivity  of  fluoride.   The  techniques  that 
have  been  developed  for  sampling  ambient  air  are  not 
applicable  to  stack  sampling  where  the  effluent  contains 
much  higher  concentrations  of  fluoride.   Analytical 
methods  for  the  determination  of  fluoride  in  ambient 
air  such  as  volumetric,   Z  conductimetric ,     po  tenso- 
metric,10^ gravimetric,     and  colorimetric    have 
been  reported.   The  most  widely  accepted  ambient  air 
sampling  analytical  methods  are  colorimetric  and  have 
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evolved  from  the  concepts  presented  by  Willard  and  Win- 
ter.     The  most  widely  accepted  stack  sampling  methods 
are  also  based  upon  colorimetric  methods  and  are  the 
Spadns  -  Zirconium  Lake  Method     and  the  Lanthanon  III  - 
Alizarin  Method. 

The  colorimetric  procedures  normally  require 
distillation  of  the  fluoride  from  perchloric  or  sulfuric 
acid  to  remove  interferences  prior  to  the  analysis. 
These  methods  involve  a  number  of  steps  and  elaborate 
test  equipment,  are  time-consuming,  and  rely  upon  dis- 
tillation techniques  and  colorimetric  determinations  which 
if  not  closely  controlled,  reduce  the  accuracy  of  the 
measurement.   For  these  reasons,  the  existing  methods 
for  fluoride  determinations  are  at  times  questionable 
and  newer  methods  are  continually  being  proposed. 

In  recent  years,  the  development  of  specific  ion 
electrodes  has  stimulated  interest  in  the  possibility 
of  determining  fluoride  with  this  method.   In  1966, 
Frant  and  Ross     reported  on  the  development  of  a 
fluoride  specific  ion  electrode  for  use  in  determining 
fluoride  ion  activities  in  aqueous  solutions.   The  elect- 
rode gave  a  Nernstian  response  over  a  wide  range  of 
fluoride  ion  activity  and  was  highly  selective  for  fluo- 
ride in  the  presence  o^  many  ions  commonly  associated 
with  fluoride.   Since  1966,  the  electrode  has  been  used 
for  many  purposes  including  the  determination  of  fluo- 

1  09 
ride  concentrations  in  chromium  plating  baths,      in 


116 


110  1 1 1  112 

bone,     in  toothpaste,  "'  and  in  water  supplies. 

11  3 
Elfers  and   Decker  '   reported  on  using  the 

electrode  for  determination  of  water-soluble  fluoride 
in  ambient  air  and  stack  gas  samples.   They  reported 
that  the  electrode  could  be  used  to  measure  as  little 
as  0.25  ppb  fluoride  in  the  ambient  air.   Results  ob- 
tained with  the  electrode  and  the  Spadns  -  Zirconium 
Lake  Method  for  fluoride  determination  in  stack  gas  were 
compared  and  at  the  0.05  significance  level  no  differ- 
ence existed  between  the  two  methods. 

An  Orion?"6  Model  96-09  Combination  Fluoride  Elect- 
rode was  used  in  this  research  since  it  had  been  proven 

for  use  in  determination  of  fluoride  in  aqueous  solution: 

112  113  114 

and  since  it  had  been  shown    '    '  to  be  more  rapid, 

reliable,  reproducible,  convenient,  and  appeared  to  be 
less  susceptible  to  interferences  than  other  methods 
presently  available.   This  electrode  was  identical  with 
previous  models  except  for  the  addition  of  the  reference 
electrode  into  the  body  of  the  fluoride  electrode,  there- 
by eliminating  the  need  for  a  separate  reference  elect- 
rode.  The  electrode  consisted  of  a  fluoride-sensitive 
crystal  of  lanthanum- fluoride  (LaF-) ,  doped  with  a 
rare  earth,  europium  (II),  installed  in  a  plastic  tube 
containing  a  reference  filling  solution.   When  the  elect 
rode  was  Immersed  in  a  solution  of  fluoride,  a  potential 
difference  was  established;  the  magnitude  of  which 
depended  upon  the  ratio  of  the  fluoride  ion  activities 
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between  the  sample  and  the  internal  reference  solution. 
The  potential  of  the  electrode  was  then  measured  against 
that  of  the  reference  electrode,  which  matched  a  con- 
ventional saturated  KCl -calomel  electrode,  on  an  expanded- 
scale  pH  meter.   The  potential  difference  could  then 
be  used  as  an  indication  of  the  fluoride  ion  activity 
in  the  solution.   This  method  permits  the  determination 
of  high  (IN  fluoride,  or  19,000  ppm)  and  low  (10"6M 
fluoride  or  19  ppb)  fluoride  concentrations  with  ac- 
curacies comparable  to  the  generally  accepted  colori- 
metric  methods.    ' 

The  only  common  interfering  ions  are  the  hydrox- 
ide ions  when  in  excess  of  the  fluoride  concentration, 

+  3       +3 

and  cations  such  as  Al    and  Fe'  ,  which  could  complex 

with  the  fluoride  and  reduce  its  activity.   The  extent 
to  which  compiexing  takes  place  depends  upon  the  solu- 
tion pH  and  the  relative  levels  of  the  fluoride  and 
compiexing  species.   In  acid  solutions,  hydrogen  ion 
forms  complexes  with  the  fluoride  ion,  such  as  the 
undissociated  acid  HF  and  the  ion  HF--.   Figure  28  shows 
the  proportion  of  free  fluoride  ion  in  acid  solutions. 
Above  pH  5,  hydrogen  compiexing  is  negligible.   Figure 
29  shows  the  effect  of  pH  on  electrode  response  in 
acid  solutions. 

1  QO 

Hydroxide  ion  interferes    with  the  electrode 
response  to  the  fluoride  ion  when  the  level  of  hydrox- 
ide present  is  greater  than  one- tenth  the  level  of 
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fluoride  ion  present.   When  the  amount  of  hydroxide  is 
less  than  one -tenth  Che  amount  of  fluoride,  no  signifi- 
cant error  occurs.   Figure  29  shows  the  electrode  response 
in  alkaline  solutions. 

Orion     reports  that  the  electrode  does  not 
respond  to  other  anions  commonly  found  with  fluoride, 
such  as  Cl",  Br",  I",  S04r,  HC03~ ,  N03~,  and  P04"3, 
even  when  present  in  excess  of  a  thousandfold  or  more. 
The  carbonate  and  phosphate  anions  do  not  directly  inter- 
fere with  the  electrode  response;  however,  they  do  make 
a  solution  more  basic,  increasing  the  hydroxide  ion  con- 
centration.  Whenever  high  levels  of  these  anions  are 
present,  the  pH  must  be  controlled  before  making  dilute 
fluoride  determinations. 

Although  the  electrode  responds  to  fluoride 
activity,  it  was  possible  to  calibrate  the  potentials 
in  terms  of  concentration.   The  activity  and  concentra- 
tion in  any  given  solution  are  related  by 

Ap  =  ^,CF  (35) 

where : 

Ap   =  fluoride  ion  activity 
l<y      =    fluoride  ion  activity  coefficient 
Cp   =  free  fluoride  ion  concentration 
The  fluoride  activity  coefficient  depends  upon  the 
total  ionic  strength  of  the  solution  and  on  the  forma- 
tion of  complexes.   In  order  to  keep  the  activity  to 
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concentration  ratio  constant,  the  total  ionic  strength 
must  be  held  constant.   In  order  to  approximate  this 
condition,  an  ionic  strength  adjustor  was  added  to  both 
samples  and  standardizing  solutions  so  that  the  standards 
and  samples  were  made  to  have  approximately  the  same 
total  ionic  strength.   After  laboratory  investigations 
of  various  ionic  strength  ad justors ,  a  2  percent  by 
weight  sodium  acetate  solution  (0.147  M)  was  selected 
as  the  ionic  strength  adjustor  to  be  used  in  this  re- 
search.  Any  changes  in  the  sample  ionic  strength  were 
assumed  to  be  negligible  when  compared  to  the  total 
ionic  strength  of  the  acetate  and  sample  mixture.   The 
use  of  the  sodium  acetate  also  buffered  the  standard 
and  sample  solutions  to  a  pH  between  5  and  8. 

Since  the  literature  '    indicated  that  silicon 
tetrafluoride  would  be  the  predominant  effluent  gas, 
standard  solutions  of  10"4,  10"3,  10-2,  and  10"  MF" 
concentrations  were  prepared  using  hydrofluosilicic  acid 
as  the  source  of  the  fluoride  ion.   The  electrode  response 
to  one  part  of  the  standard  solution  and  9  parts  of  2 
percent  sodium  acetate  solution  was  then  determined,  and 
a  calibration  curve  similiar  to  Figure  30  was  drawn. 
The  same  procedure  was  followed  using  standard  solutions 
where  the  fluoride  was  supplied  from  hydrofluoric  acid. 
Since  at  the  0.01  significance  level  no  difference  exist- 
ed between  the  two  methods,  and  since  it  had  been  deter- 
mined that  very  little  hydrogen  fluoride  gas  could  be 
expected,  all  standards  were  prepared  using  hydrofluo- 
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silicic  acid  as  the  source  of  the  fluoride  ion. 

The  Orion  specific  ion  electrode  was  quite  suit- 
able for  use  in  the  field.   Since  the  potential  difference 
measured  by  the  electrode  is  temperature  dependent  as 
shown  by  the  Nernst  equation 

E  =  E°  -  2.3  RTnF  log  Ap _  (36) 

where : 

E   =  measured  potential  of  the  system 

E  =  constant,  characteristic  of  the  particu- 
lar measuring  and  reference  electrodes 
employed 

R    =  gas  constant 

T   =  absolute  temperature 

n    =  valence  of  the  ion 

F   =  Faraday's  constant 

A„-  =  Fluoride  activity  in  the  sample 
it  would  have  been  preferred  to  maintain  a  constant 
25°C  in  the  laboratory  on  the  trailer.   The  Nernst 
factor,  2.3  RTnF  in  Equation  36,  is  equal  to  59.16  mv 
at  25°C  when  n  =  1  and  the  other  terms  are  as  previously 
described.   Due  to  the  unavailability  of  power  for  the 
air  conditioner  on  the  trailer,  it  was  not  possible 
to  control  the  temperature  in  the  laboratory.   The 
maximum  temperature  recorded  in  this  room  was  30  C 
(86°F).   This  would  only  cause  approximately  a  1.7  per- 
cent error  in  the  electrode  response  at  the  highest 
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temperature  noted.   Since  it  was  felt  that  this  error 
was  tolerable,  it  was  decided  not  to  attempt  to  provide 
additional  power  to  air -condition  the  laboratory. 
Babcock  and  Johnson112  reported  on  the  effects  of  tem- 
perature upon  the  electrode  response  and  stated  "wide 
variations  in  temperature  affect  fluoride  measurement 
only  slightly,  and  temperature  effects  can  usually  be 
neglected . " 

As  was  previously  mentioned,  pH  of  the  solution 
could  have  an  effect  upon  the  electrode  response.   At 
pH  values  of  less  than  4,  hydrogen  ions  complex  with 
free  fluoride  to  form  hydrogen  fluoride,  which  is  not 
detected  by  the  electrode.   Since  the  sodium  acetate 
solution,  when  used  in  the  procedure  described,  alway 
provided  a  solution  with  a  pH  greater  than  5,  hydrog 
fluoride  complexing  was  not  considered  a  problem.   At 
a  high  pH,  a  significant  interference  is  introduced 
by  the  hydroxide  ion,  as  the  fluoride   ion  and  hydrox- 

I  rio 

ide   ion  have  similar  charges  and  ionic  radii.      When 
the  hydroxide  ion  concentration  is  greater  than  one- 
tenth  that  of  the  fluoride  ion  concentration,  the  elect 
rode  will  respond  to  both  ions.   The  2  percent  sodium 
acetate  solution  was  selected  for  use  in  this  experi- 
ment since  for  the  fluoride  concentrations  expected 
and  found,  the  hydroxide  ion  concentrations  were  consi- 
derably less  than  one-tenth  of  the  fluoride  ion  concen- 
trations.  The  maximum  pH  recorded  during  any  of  the 
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sample  analyses  was  6.65,  or  a  hydroxide  concentration 

-  R 
of  approximately  4.5x10   ,  which  requires  a  fluoride 

ion  concentration  of  4.5x10"   or  greater  for  the  desired 

accuracy.   All  fluoride  ion  concentrations  were  greater 

than  10"  M  and  could  be  controlled  by  varying  the  length 

of  time  taken  to  obtain  the  sample.   Normally  the  pH 

of  the  inlet  sample  was  between  5.0  and  6.0  and  the  pH 

of  the  outlet  sample  was  between  5.5  to  6.5. 

Aluminum  and  iron  are  also  known  to  complex  with 
fluoride  ions  at  pH  values  of  7  or  less,  however,  an 
experiment  involving  the  addition  of  a  1  percent  sodium 
citrate  solution  indicated  that  there  was  little  or  no 
complexing  in  the  gas  samples  studied.   Since  both 
aluminum  and  iron  are  found  in  the  rock  and  are  expected 
to  be  found  in  the  acid  product,  they  could  possibly  be 
entrained  in  the  effluent  reactor  gas.   Since  the  gas  had 
no  noticeable  particulate  loading,  no  aluminum  or  iron 
was  detected  in  the  complexing  experiment. 

Oliver"    reported  that  it  is  not  necessary  to 
distill  samples  when  using  the  fluoride  specific  ion 
electrode.   In  order  to  test  this  concept  and  to  check 
on  the  accuracy  of  the  analytical  technique  employed 
in  the  field,  Occidental  agreed  to  analyze  a  few  of  the 
impinger  samples.   Occidental  had  an  earlier  model  of 
the  Orion  electrode  which  they  used  for  fluoride  deter- 
minations in  their  gypsum  pond  water  and  in  other  process 
studies.   Impinger  samples  from  3  experimental  runs  and 
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one  known  sample  were  split,  with  Occidental  performing 
one  analysis  of  the  samples,  and  the  author  performing 
another.   Table  8  reports  the  results  obtained  from  this 
study. 

TABLE  8 
OCCIDENTAL  LABORATORY  ANALYSIS 


Occi 

.dental 

Sample 

Author 
MF- 

Direct 
MF- 

Distilled 
MF- 

1 

0.0500 

0.0515 

0.0443 

2 

(known   0.0500MF") 

0.0510 

0.0511 

0.0539 

3 

0.2785 

0.3000 

0.2945 

4 

0.2813 

0.2475 

0.2410 

Occidental  employed  a  5  percent  sodium  acetate  solution 
for  their  analyses.   Due  to  dilution  of  the  samples  and 
use  of  5  percent  sodium  acetate  by  Occidental,  the  above 
data  appeared  to  be  quite  acceptable. 

One  of  the  criteria  of  any  sampling  method  to  be 
satisfied  is  that  of  reproducibility.   Since  the  labora- 
tory procedure  involved  the  establishment  of  a  calibration 
curve  on  each  day,  it  was  decided  to  determine  the  de- 
viation for  any  given  day.   Realizing  that  the  sodium 
acetate  solution  concentration  was  not  constant,  a 
statistical  analysis  of  the  calibration  data  was  run. 
Table  9  reports  the  results  of  this  statistical  study. 
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TABLE   9 

STATISTICAL  ANALYSIS   OF   CALIBRATION   CURVE   DATA 

Standard   Solution  Electrode   Response    (mv) 
MF~ Mean  Standard   Deviation 

5  x  10"4  +74.09  +4.510 
5  x  10~3  +26.32  ±1.675 
5  x  10"2 -33.00 tl  .  61  3 

Most   of   the    samples    taken    in   the    impinger   train 

3  -1   - 

were  in  the  10    to  5  x  10  "MF  range  where  the  standard 

deviation  was  quite  low.   In  this  range  on  the  calibra- 
tion curve,  a  change  of  1  mv  would  cause  a  2.06  percent 
error  in  the  result.   However,  the  accuracy  of  reading 
the  expanded  scale  pH  meter  was  to.5  mv.   This  accuracy, 
along  with  changes  in  the  sodium  acetate  solutions  and 
in  the  standardizing  solutions,  would  explain  the  high 
standard  deviation  found  in  this  analysis.   The  high 
standard  deviation  at  5  x  10"   solution  was  due,  in  part, 
to  the  fact  that  the  5  x  10"   solution  when  added  to  the 
sodium  acetate  solution,  was  in  actuality  a  5  x  10   MF 
solution.   The  accuracy  of  the  electrode  becomes  very 
questionable  in  this  range.   The  slope  of  the  calibra- 
tion curve  in  the  area  of  most  use  was  approximately 
59.32  mv  which  compares  quite  favorably  with  the  theoret- 
ical  slope  calculated  using  Nernst's  equation  at  25  C 
of  59.16  mv. 

Figure  31  schematically  illustrates  the  fluoride 
sampling  trains.   Each  train  consisted  of  the  following: 
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1.  A  Type  316  probe  which  was  screwed  into  the 
gas  duct.   Since  gaseous  fluoride  was  the 
only  concern,  an  isokinetic  sample  was  not 
taken. 

2.  Natural  rubber  tubing  connecting  the  probe 
with  the  first  impinger.  Polyethylene  quick- 
disconnect  couplings  were  used  wherever 
possible. 

3.  A  "modified"  250  ml  Greenburg- Smith  impinger 
containing  approximately  100  ml  of  distilled- 
deionized  water.   The  impinger  was  modified 
by  removing  the  orifice.   This  was  necessary 
due  to  the  formation  of  silica  gel  in  the 
sampling  train.   A  similar  situation  was 
encountered  by  Dorsey  and  Kemnitz    who 
reported  an  efficiency  of  96  percent  for  this 
type  of  impinger. 

4.  A  standard  100  ml  impinger  containing  ap- 
proximately 40  ml  of  distilled-deionized 
water. 

5.  A  trap  to  catch  any  liquid  before  it  reached 
the  dry  gas  meter. 

6.  A  calibrated  dry  gas  meter  with  temperature 
and  pressure  measuring  gauges. 

7 .  A  vacuum  pump . 
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8.  The  impingerSi  dry  gas  meter,  and  vacuum 
pump  were  connected  with  either  tygon  or 
n  a  t  u  r a 1  rub b  e r  tubing. 

9.  The  impingers  and  traps  were  placed  in  ice 
water  baths  to  insure  saturated  conditions 
at  the  dry  gas  meter. 

All  work  in  the  laboratory  indicated  that  the 
sampling  train  selected  would  be  satisfactory  in  Che 
field.   The  gases  used  in  the  laboratory  calibration 
period  were  hydrogen  fluoride  and  silicon  tetrafluoride . 
No  silica  gel  formation  occurred  in  either  study. 

When  the  sampling  train  was  used  in  the  field, 
it  proved  to  be  satisfactory  for  this  type  of  stack 
sampling.   However,  the  formation  of  silica  gel  as 
described  in  Equation  7  proved  to  be  quite  a  problem. 
The  silica  gel  formed  in  the  condensate  that  occurred 
in  the  tubing  between  the  probe  and  the  sampling  train 
impingers.   It  was  not  known  during  the  laboratory  studies 
that  the  reactor  gases  would  be  at  or  very  near  to  satura- 
tion; therefore,  this  condition  was  not  expected.   In 
the  preliminary  data  runs,  as  the  silica  gel  formed, 
the  pressure  drop  across  the  sampling  train  became 
unsatisfactory  and  cross-contamination  between  samples 
occurred.   It  was  necessary  to  clean  the  inlet  and 
outlet  sampling  probes  after  each  run  in  order  to  avoid 
contamination  of  samples  and  to  maintain  a  reasonable 
pressure  drop  across  the  sampling  train. 
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Previous  sampling  trains        had  employed  a  heated 

probe  to  avoid  condensation  before  the  inipingers.   It  was 
felt  that  this  probe  would  help  avoid  the  silica  gel 
formation  and  one  was  tried  in  the  field.   The  probe 
did  accomplish  this  goal)  however,  it  was  quite  cumber- 
some to  handle  due  to  its  size,  surface  temperature  and 
its  fragility.   Unless  the  connecting  tubing  between 
the  probe  and  the  impingers  was  also  heated,  conden- 
sation would  occur  and  silica  gel  again  became  a  pro- 
blem.  For  these  reasons,  the  heated  probe  concept  was 
discarded  in  favor  of  the  unhealed  probe  method  describ- 
ed.  Although  this  method  required  additional  time  for 
cleaning  the  probes,  it  proved  to  be  considerably  easier 
to  use  in  the  field. 

An  over-all  efficiency  of  approximately  99.2  percent 
had  been  reported    for  this  type  of  sampling  train  and 
laboratory  investigations  showed  this  value  to  be  rea- 
sonable.  The  second  impinger  always  showed  no  more  than 
trace  amounts  of  fluoride  when  it  was  analyzed  separate- 
ly from  the  first  impinger.   Field  determinations  also 
indicated  that,  due  to  condensation  of  water  and  forma- 
tion of  silica  gel  in  the  tubing  between  the  probe  and 
the  initial  impinger,  the  tubing  had  to  be  washed  with 
distilled-deionized  water  or  erroneous  values  would  be 
measured.   Depending  upon  the  length  of  this  tubing 
and  the  amount  of  silica  gel  formed,  this  section  would 
at  times  serve  as  an  initial  absorber. 
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Reagents  which  were  used  for  the  analysis  were: 

1.  Distilled-deionized  water,  obtained  in 
Gainesville  and  transported  to  White  Springs 
as  needed. 

2.  ACS-reagent  grade  30  percent  hydro fluo silicic 
acid,  used  to  prepare  the  fluoride  standard 
solutions . 

3.  ACS-grade  sodium  acetate  (CH^COONa  •  3H  0) , 
used  to  prepare  the  2  percent  ionic  strength 
adjustor.   It  was  found  that  this  reagent 
had  a  shelf  life  of  approximately  one  week; 
therefore,  new  solutions  were  prepared  as 
required . 

4.  Orion  lonalyzcr  filling  solution  90-00-01 , 
purchased  from  Orion  Research  and  used  as 
the  reference  filling  solution  for  the 
specific  ion  electrode. 

Laboratory  equipment  used  in  the  analysis  included: 

1.  Corning  Model  10  expanded  scale  pH  meter 
(0-300  inv), 

2.  Beckman  Zeromatic  II  expanded  scale  pH  meter 
(+0-700  mv). 

3.  Sargent  magnetic  stirrer  with  Teflon  coated 
magnets , 

4.  Plastic  containers  ranging  in  capacity  from 
50  ml  to  200  ml.   Since  fluoride  is  absorbed 
by  glass,  plastic  containers  were  required 
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for  storage  of  '  standardizing  solutions.   For 
dilute  solutions  (10"   M  or  below  in  fluoride- 
ion)  plastic  beakers  for  holding  solutions 
during  measurement  were  also  required. 
5.    Pipettes  and  other  glassware  as  required. 
Prior  to  performing  the  laboratory  analysis  on 
any  given  day,  the  pH  meter  was  standardized  with  a 
7.00  I  0.01  pH  buffer  and  a  calibration  curve  was  run 
for  the  specific  ion  electrode.   The  procedure  for  deter- 
mining the  calibration  curve  for  the  specific  ion  electrode 
at  White  Springs  was  the  same  as  that  used  in  the  laboratory 
in  Gainesville.   The  laboratory  procedure  followed  in 
performing  the  fluoride  analysis  was: 

1  .    The  tubing  from  the  probe  to  the  first 
impinger  was  washed  out  with  distilled- 
deionized  water.   The  washings  went  into  the 
first  impinger. 

2.  The  contents  of  the  tv/o  impingers  and  the 
trap  were  placed  into  a  250  ml  volumetric 
flask. 

3.  The  impingers  were  washed  with  distilled- 
deionized  water.   All  washings  were  added  to 
the  250  ml  volumetric  flask. 

4.  The  250  ml  volumetric  flask  was  then  filled 
to  the  250  ml  mark  with  distilled-deionized 
water,   stoppered,  and  snaken. 
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5.  Two  5  ml  aliquot  samples  were  pipetted  from 
the  250  ml  flask  into  each  of  two  50  ml  plastic 
beakers . 

6.  Two  45  ml  aliquots  were  taken  from  the  2 
percent  sodium  acetate  solution  and  placed 
in  the  50  ml  beakers. 

7.  Each  beaker  was  placed  on  the  magnetic 
stirrer,  and  stirred  while  the  pH  and  speci- 
fic ion  electrode  response  were  noted  and 
recorded . 

8.  The  values  from  the  two  samples  were  averaged, 
if  there  was  any  deviation  between  the  two, 
and  this  final  value  was  used  in  reporting 
the  result  of  the  experimental  run. 

9.  A  blank  was  run  by  the  same  method. 


CHAPTER  VI 
RESULTS  OF  THE  EXPERIMENT 

This  chapter  will  cover  both  a  presentation  and 
a  discussion  of  the  results  obtained  in  the  experimenta- 
tion performed  in  this  research  effort. 

In  general,  all  the  results  in  this  section  appeared 
to  be  in  keeping  with  the  generally  accepted  theory  des- 
cribing the  absorption  process.   In  all  cases,  scrubbing 
with  gypsum  pond  water,  which  had  8500  to  9500  ppra  free 
fluoride,  produced  lower  removal  efficiencies  than  scrub- 
bing with  well  water  at  the  same  liquid/gas  ratio.   The 
slope  of  the  curves  varied  with  the  type  of  equipment  and 
the  number  of  transfer  units  was  dependent  upon  the  total 
contacting  power  to  each  type  of  equipment. 

The  analyses  for  this  section  required  the  plot- 
ting of  the  graphs  shown  in  Figures  32  to  48.   The  fitting 
of  the  curves  in  these  figures  was  by  eye,  and  the  limit- 
ed number  of  observations  affects  the  absolute  values 
of  the  calculated  slopes.   It  should  be  noted  that  all 
of  the  data  were  used  for  these  graphs,  and  that  the 
variation  of  the  independent  variables  (F"  concentra- 
tion, gas  temperature,  liquid  temperature,  and  gas  flow 
rate)  could  affect  the  plotted  results.   Therefore,  these 
graphs  show  general  relationships  and  trends  and  were  used 
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Figure  32:    Effect  of  Liquid/Gas  Ratio  on  Fluoride 
Removal  Efficiency  in  Spray  Chamber 
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Figure  33:    Effect  of  Total  Contacting  Power 
on  Number  of  Transfer  Units  in  Spray  Chamber 
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Figure  36:    Effect  of  Liquid/Gas  Ratio  on  Fluoride 
Removal  Efficiency  in  Venturi 
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Figure  37:    Effect  of  Total  Contacting  Povzer  on  Number 
of  Transfer  Units  in  Venturi 
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Figure  38:    Effect  of  Gas  Contacting  Power  on  Number 
of  Transfer  Units  in  Venturi 
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Figure  41 :    Effect  of  Liquid/Gas  Ratio  on  Fluoride 

Removal  Efficiency  in  Baffle  Plate  Impingement  Column. 
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Figure  42:    Effect  of  Total  Contacting  Power  on 
Number  of  Transfer  Units  in  Baffle  Plate  Impinge- 
ment Column . 
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Figure  43:  Effect  of  Liquid/Gas  Ratio  on  Number  of 
Transfer  Units  for  Baffle  Plate  Impingement  Column 
Using  Well  Water. 
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'igure  44:  Effect  of  Liquid/Gas  Ratio  on  Number  of 
Transfer  Units  for  Baffle  Plate  Impingement  Column 
Using  Gypsum  Pond  Water. 


148 


99 

98 
95 
90 


50 


10 


1.0 


0.1 


0.0 


Well  Water 


Gypsum  Pond  Watei 


2     4     6     8 

Liquid/Gas  Ratio  -  gpm/m  std  cfm 


10 


14   16 


™J 


Figure  45:    Effect  of  Liquid/Gas  Ratio  on  Fluoride 
Removal  Efficiencv  in  Variable  Throat  Venturi. 
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for  general  correlations.   Most  data  found  in  the  liter- 
ature are  normally  plotted  for  conditions  where  all  other 
variables  are  held  constant;  therefore,  comparison  of 
the  experimental  data  with  the  literature  can  only  be 
general,  since  slopes  and  absolute  values  would  proba- 
bly vary  due  to  the  different  conditions. 

Cyclonic  Spray  Chamber 

The  experimental  data  for  the  spray  chamber  are 
given  in  Appendix  I,  Tables  10  and  11.   Gaseous  fluo- 
ride removal  efficiencies  of  63.2  to  96.1  percent  were 
obtained  for  liquid/gas  ratios  of  approximately  2.2 
to  15.5  gpm/rc  std  cfm  using  well  water  as  the  scrubbing 
liquid.   For  these  same  ratios  and  with  well  water,  the 
total  contacting  power  ranged  from  approximately  0.2  to 
0.7  HP  /m  std  cfm.   When  gypsum  pond  water  was  used 
as  the  scrubbing  liquid,  removal  efficiencies  of  72.8 
to  94.2  percent  were  obtained  for  liquid/gas  ratios 
of  approximately  3.8  tc  18.3  gpm/m  std  cfm.   For  these 
ratios,  the  energy  requirements  were  approximately  0.4 
to  0.8  HP  /m  std  cfm. 

1  1  Q 

Calvert"    defined  a  "flooding"  condition  as 
that  gas  flow  at  which  the  amount  of  liquid  carried  over 
(entrained)  by  the  gas  becomes  excessive.   This  "flood- 
ing" or  entrained  liquid  may  have  caused  the  spread 
in  the  data  that  can  be  seen  in  Figures  32  to  35. 

QQ  , 

Galeano   reported  on  the  difficulty,  which  was  typxeaj. 
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with  the  spray  chamber,  of  obtaining  meaningful  results 
from  replications  at  the  same  conditions.   At  the  higher 
liquid  flow  rates,  the  unit  seemed  to  be  considerably 
more  predictable  and  more  balanced  in  operation,  while 
at  the  lower  liquid  flow  rates,  the  scrubber  operation 
appeared  to  be  considerably  more  erratic.   Since,  in 
general ,  most  spray  chamber  scrubbers  operate  in  the 
5  to  15  gpm/m  std  cfm  range,  it  appears  that,  in  the 
upper  part  of  this  range,  the  unit  becomes  balanced  and 
more  predictable . 

Ihe  performance  of  this  scrubber  with  both  well 
water  and  gypsum  pond  water  was  as  could  be  expected. 
The  removal  efficiency  with  gypsum  pond  water  was  lower 
than  that  with  well  water  at  every  liquid/gas  ratio. 
This  is  to  be  expected  since  the  gypsum  pond  water  was 
recirculated  plant  process  water  which  was  already 
contaminated  with  fluorides.   The  normal  fluoride  loading 
in  this  liquid  was  between  8500  to  9500  ppm.   This 
lowered  the  concentration  gradient  between  the  gas  and 
the  liquid,  reducing  the  mass  transfer  slightly  between 
gas  and  liquid.   The  water  balance  in  the  wet-process 
phosphoric  acid  plant  is  watched  closely,  and  every 
effort  is  made  to  keep  fresh  water  out  of  the  gypsum 
pond  in  order  to  avoid  dilution  of  the  pond  water.   For 
this  reason,  and  because  of  economic  conditions,  gyp- 
sum pond  water  is  normally  used  in  process  plant  scrub- 
bing systems  and  the  slight  reduction  in  mass  transfer 
is  tolerated. 
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Figure  32  illustrates  the  effect  of  the  liquid/ 
gas  ratio  upon  the  removal  efficiency  in  this  unit.   It 
can  be  seen  that  well  water  provides  better  mass  trans- 
fer for  this  system. 

Figure  33  illustrates  the  effect  of  total  contact- 
ing power  on  the  number  of  transfer  units,  which  in 
reality  is  a  measure  of  the  efficiency  of  the  unit. 
For  a  given  number  of  transfer  units  (or  a  set  removal 
efficiency)  the  total  power  required  when  scrubbing  with 
well  water  would  be  less  than  that  required  when 
scrubbing  with  gypsum  pond  water.   Correlations  show 
that  the  number  of  transfer  units  are  proportional  to 
the  total  power  introduced  to  approximately  the  1  .0 
power. 

Figures  34  and  35  illustrate  the  effect  that  the 
equipment  studied  was  limited  in  the  maximum  number  of 
transfer  units  available.   At  the  higher  liquid/gas 
ratios,  the  addition  of  more  liquid  produces  less  of 
an  effect  upon  the  number  of  transfer  units   than  the 
addition  of  more  liquid  at  lower  liquid/gas  ratios. 
Since  this  type  of  scrubber  is  limited  in  the  maximum 
number  of  transfer  units  available  most  commercial  in- 
stallations in  the  phosphate  industry  have  a  two-stage 
removal  system.   Figure  21  illustrates  the  two- stage 
scrubbing  system  employed  by  Occidental  to  control 
their  effluent  gases  off  the  acid  reactor. 
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When  well  water,  with  an  entering  pH  of  7.2  to 
7.4,  was  used  as  the  scrubbing  liquid,  the  pH  of  the 
effluent  liquid  was  normally  3.3  to  4.4.   When  gypsum 
pond  water,  with  an  entering  pll  of  2.0  to  2.5,  was  used 
as  the  scrubbing  liquid,  the  pH  of  the  effluent  liquid 
was  normally  0.5  to  0.8.   The  effluent  liquid  was  re- 
turned to  the  gypsum  pond  for  recirculation  and  reuse 
in  the  plant.   Since  the  liquid  flow  rates  were  quite 
low  no  dilution  problems  were  experienced  in  the  pond. 
This  was  satisfactory  for  pilot  plant  purposes  but 
would  not  be  so  for  a  large  commercial  installation 
which  might  require  2  50  gpm  of  scrubbing  water. 

The  limitation  on  the  maximum  pt~essure  available 
to  the  spray  nozzles  may  have  had  some  effect  upon  the 
efficiencies  obtainable  with  this  scrubber.   The  max- 
imum pressure  developed  by  the  pump  was  approximately 
40  psig.   This  is  on  the  low  side  of  stated  requirements 
for  this  type  of  unit,  which  normally  range  from  40  to 
100  psig.   If  a  higher  spray  pressure  could  have  been 
developed,  better  atomization  at  each  spray  nozzle 
would  have  occurred,  thus  promoting  more  surface  area 
available  for  mass  transfer.   Due  to  the  piping  arrange- 
ment, it  was  not  possible  to  run  the  spare  pump  in  series 
with  the  active  pump  and  it  was  not  possible  to  achieve 
pressures  greater  than  35  psig  at  the  spray  nozzles. 
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Venturi  -  Cyclonic  Scrubber 

The  data  for  experimentation  in  trie  venturi- 
cyclonic  scrubber  are  given  in  Appendix  I,  Tables  12 
and  13.   Gaseous  fluoride  removal  efficiencies  of  88.3 
to  99.5  percent  were  obtained  for  liquid/gas  ratios  of 
approximately  4.4  to  26.5  gpm/m  std  cfm  when  well  water 
was  used  as  the  scrubbing  liquid.   For  the  same  liquid/ 
gas  ratios  and  with  well  water,  the  total  energy  re- 
quirements were  1.45  to  2.86  HPr/m  std  cfm.   When  gyp- 
sum pond  water  was  used,  removal  efficiencies  of  approx- 
imately 89.0  to  99.2  percent  were  obtained  with  liquid/ 
gas  ratios  of  approximately  3.2  to  19.0  gpm/m  std  cfm. 
The  total  energy  requirements  for  these  ratios  when 
gypsum  pond  water  was  used  as  the  scrubbing  liquid  were 
approximately  1.6  to  3.4  gpm/m  std  cfm. 

"Flooding"  in  the  effluent  gas  did  not  appear 
to  be  a  problem.   The  spread  in  the  data  was  low  and 
reproducibility  did  not  appear  to  be  a  problem.   The 
cyclonic  section  of  this  scrubber  served  as  a  demisting 
section  and  it  appeared  to  be  quite  satisfactory  in 
operation. 

Figure  36  illustrates  the  effect  of  the  liquid/ 
gas  ratio  on  fluoride  removal  efficiency.   It  can  be 
seen  that  well  water  provides  a  better  medium  for  fluo- 
ride absorption  than  gypsum  pond  water,  however,  the 
difference  between  the  two  scrubbing  solutions  was  not 
very  great.   The  difference  was  due  to  the  fluoride 
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loading  in  the  gypsum  pond  reducing  the  concentration 
gradient, thereby  lowering  the  driving  force.   The  differ- 
ence between  the  two  liquids  would  not  be  great  enough 
to  change  the  water  balance  in  the  plant,  and  it  would 
appear  that  well  water  and  gyp sure  pond  water  could  be 
used  interchangeably  without  a  serious  effect  on  the 
the  removal  efficiency  of  the  unit.   The  fluoride  con- 
centration in  the  gypsum  pond  water  was  in  the  same 
range  as  for  studies  with  the  cyclonic  spray  chamber, 
8500  to  9500  ppre. 

Figure  37  illustrates  the  effect  of  total  con- 
tacting power  on  the  number  of  transfer  units.   The 
results  again  appear  to  be  quite  satisfactory   due  to 
very  little,  if  any,  flooding  in  the  effluent  gas. 
Scrubbing  with  gypsum  pond  water  required  more  contact- 
ing power  than  with  well  water  for  a  given  number  of 
transfer  units.   Figure  38  illustrates  the  relationship 
between  gas  contacting  power  and  number  of  transfer 
units.   Since  the  gas  pressure  drop  affects  the  number 
of  transfer  units  in  this  type  of  scrubber,  this  relation- 
ship was  to  be  expected.   Gas  phase  power  consumption 
controls  mass  transfer  efficiency  in  venturi  operations 
as  illustrated  in  Figure  38.   Correlations  show  that 
the  number  of  transfer  units  is  proportional  to  the 
total  power  introduced  to  approximately  the  1 .0  power, 
and  is  proportional  to  the  power  introduced  in  the  gas 
phase  to  approximately  the  1.1  power. 
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Figures  39  and  40  illustrate  that  the  high  liquid/ 
gas  ratios  used  in  this  study  began  to  approach  the 
maximum  removal  efficiency  for  this  type  of  unit.   The 
upper  level  of  liquid/gas  ratio  achieved  with  this  scrub- 
ber produced  a  higher  number  of  transfer  units  (and, 
therefore,  a  greater  removal  efficiency)  than  that 
achieved  with  the  spray  chamber  scrubber  but  with  a 
higher  energy  requirement. 

The  pH  change  in  both  well  water  and  gypsum  pond 
water  was  approximately  the  same  as  those  observed  with 
the  spray  chamber  scrubber.   No  limitations  were  encounter- 
ed with  available  liquid  pressure  since  the  pump  capa- 
city was  more  than  adequate  for  this  unit.   No  operating 
problems  were  experienced  and  this  unit  seemed  to  func- 
tion properly  throughout  the  entire  experimental  period 
with  the  only  exception  occurring  when  the  demisting 
section  was  installed.   Plugging  of  the  demisting  section 
occurred,  thereby  increasing  the  pressure  drop  across  the 
unit,  and  decreasing  the  gas  flow  rate. 

Baffle  Plate  Impingement  Column 

The  data  for  the  experimental  runs  for  the  baf- 
fle plate  impingement  column  are  given  in  the  Appendix 
I,  Tables  14  and  15.   Flucride  removal  efficiencies  of 
91.5  to  99.4  percent  were  obtained   for  liquid/gas 
ratios  of  approximately  14.8  to  90.9  gpm/rc  std  cfm, 
usinK  well  water  as  the  scrubbing  liquid.   When  gypsum 
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pond  water-  was  used,  removal  efficiencies  of  91.5  to 
99.  4  percent  were  obtained  with  liquid/gas  ratios  of 
approximately  16.0  to  81.0.   Energy  requirements  for  these 
liquid/gas  ratios  for  well  water  were  approximately 
0.33  to  0 . SC  HP  /m  std  cfm  and  for  gypsum  pond  water 
0.31  to  0.94  HP  /m  std  cfm.   The  liquid/gas  ratio  is  not 
normally  used  to  describe  the  performance  of  this  type 
of  scrubber,  since  it  does  not  completely  describe  the 
operating  conditions.   This  is  due  to  the  necessity  for 
specific  liquid  depths  on  the  plates.   The  depths  require 
high  liquid  flow  rates  and  consequently  high  liquid/gas 
ratios . 

Figure  41  illustrates  the  effect  of  liquid/gas 
ratio  on  removal  efficiency  in  this  unit.   As  can  be 
seen,  the  gypsum  pond  water  produced  a  lower  efficiency 
at  a  given  liquid/gas  ratio  than  well  water  at  the  same 
ratio.   The  reason  for  this  was  covered  in  the  discus- 
sions of  the  results  of  the  spray  chamber  and  venturi- 
cyclonic  scrubber.   The  spread  in  the  data  was  quite 
low  and  the  reproducibility  was  quite  good.   The  re- 
producibility and  low  spread  in  the  data  were  due  in 
part  to  a  satisfactory  liquid  entrainment  removal  system 
which  eliminated  "flooding." 

Figure  42  illustrates  the  effect  of  total  con- 
tacting power  on  the  number  of  transfer  units  (and  on 
the  removal  efficiency).   For  this  unit,  it  appears  that 
above  a  total  contacting  power-  of  0.5  to  0.6  HPt/m  std 
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cfm,  the  effect  on  the  number  of  transfer  units  becomes 
less  and  less;  and  contacting  power  added  above  this 
level  would  be  inefficient. 

Again,  in  order  Co  obtain  a  given  number  of  trans- 
fer units  (or  a  desired  efficiency)  it  would  be  neces- 
sary to  introduce  a  greater  contacting  power  when  scrub- 
bing with  gypsum  pond  water  than  when  scrubbing  with 
well  water.   Economic  considerations  along  with  water 
balance  considerations  must  be  studied  before  deciding 
upon  the  type  of  liquid  used  in  the  scrubber. 

Figures  43  and  44  illustrate  the  effect  of  liquid/ 
gas  ratio  on  the  number  of  transfer  units.   Again,  it 
can  be  seen  that  at  the  higher  ratios,  the  maximum  cap- 
acity of  the  unit  was  approached. 

The  pK  of  the  effluent  liquid  was  within  the 
range  of  that  encountered  with  the  other  types  of  scrub- 
bers studied.   No  limitations  on  pressure  were  encoun- 
tered since  the  pump  capacity  was  more  than  adequate  to 
meet  the  requirements  of  this  unit.   No  operating  pro- 
blems were  experienced  during  the  experimental  period 
which  amounted  to  approximately  5  days. 

Variable  Throat  Venturi 

The  experimental  data  for  the  variable  throat 
are  given  in  Appendix  I,  Tables  16  and  17.   The  throat 
was  in  the  open  position  throughout  the  experimental 
runs.   Gaseous  fluoride  removal  efficiencies  of  92.9 
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to  97.8  percent  were  obtained  with  liquid/gas  ratios  of 

approximately  6.0  to  10.6  gpm/m  std  cfm.   When  gypsum 
pond  water  was  used  in  the  scrubber  the  efficiencies 
obtained  were  90.1  to  96.3  with  liquid/gas  ratios  of 
approximately  5.5  to  14.7  gpm/m  std  cfm. 

Energy  requirements  for  the  stated  maximum  and 
minimum  conditions  were  approximately  2.2  to  3.8  HPt/m 
std  cfm  with  well  water,  and  approximately  2.2  to  4.2 
HP  /in  std  cfm  with  gypsum  pond  water. 

Figure  45  illustrates  the  effect  of  the  liquid/ 
gas  ratio  on  the  removal  efficiency.   The  spread  in 
the  data  can  be  attributed  to  "flooding"  which  was  a 
serious  problem  in  this  scrubber.   When  this  unit  was 
operated  at  or  near  its  rated  capacity,  excessive 
flooding  occurred,  rendering  the  experimental  run  in- 
valid.  For  this  reason,  the  variable  throat  venturi 
was  operated  at  a  reduced  capacity  throughout  the  exper- 
imental period.   Even  at  reduced  capacity,  there  was 
some  liquid  entrainment .   If  "flooding"  had  not  been 
present,  it  can  be  assumed  that  the  spread  between  the 
curve  for  well  water  and  that  for  gypsum  pond  water 
would  be  considerably  less,  and  probably  approach  that 
found  with  the  venturi-cyclonic  scrubber. 

Figure  46  illustrates  the  effect  of  total  con- 
tacting power  upon  the  number  of  transfer  units.  The 
spread  in  the  data  can  be  attributed  to  "flooding"  as 
was  previously  mentioned.   Scrubbing  with  gypsum  pond 
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water  required  a  higher  contacting  power  for  a  given 
level  of  number  of  transfer  units  than  scrubbing  with 
well  water.   The  reason  for  this  has  been  covered  in  the 
discussion  of  the  results  for  the  other  equipment  studied. 

A  correlation  shows  that  the  number  of  transfer 
units  is  proportional  to  the  total  power  introduced  to 
approximately  the  0.61  power.   The  limited  number  of 
data  points,  and  the  spread  in  these  points  can  indicate 
only  a  trend  and  should  not  be  considered  completely 
accurate.   The  small  amount  of  data  makes  it  nearly 
impossible  to  accurately  correlate  these  data,  therefore, 
the  stated  correlation  is  very  general. 

Figures  47  and  48  illustrate  the  effect  of  liquid/ 
gas  ratio  on  number  of  transfer  units.   Here  again,  the 
limited  data,  and  the  spread  in  these  data  only  allow 
a  general  trend  to  be  identified.   It  can  be  seen  that 
the  maximum  number  of  transfer  units  in  this  unit  would 
be  less  than  4.5. 

The  pH  of  the  effluent  liquid  was  within  the 
range  of  that  encountered  with  the  other  types  of  scrub- 
bers studied.   There  was  a  limitation  on  the  gas  flow 
due  to  the  "flooding"  conditions  that  have  been  pre- 
viously discussed.   Even  at  reduced  gas  flow  rates,  the 
liquid  flow  rate  could  not  exceed  10  gpm  or  "flooding" 
would  occur. 


CHAPTER  VII 

CONCLUSIONS  AND  RECOMMENDATIONS 
Figure  49  summarizes  the  results  of  this  study. 
It  can  be  seen  that  the  selection  of  a  scrubber  for  use 
in  effluent  control  of  wet-process  phosphoric  acid  reac- 
tor gases  would  depend  upon  the  desired  removal  effi- 
ciency (or  number  of  transfer  units)  and  upon  the  energy 
requirements  of  the  unit  selected.   Using  governmentally 
set  regulations  and  overall  plant  design  capacity,  the 
required  efficiency  could  be  determined.   Figure  49 
could  then  be  used  along  with  economic  considerations, 
such  as  capital  cost  and  operating  expense,  to  deter- 
mine which  type  of  scrubber  would  be  most  satisfactory 
for  installation.   Since  economic  factors  vary  with 
time  and  with  process  requirements,  it  was  decided  not 
to  include  an  economic  analysis  with  this  work. 

The  liquid/gas  ratios  employed  in  this  research 
were  typical  of  those   to  be  expected  in  actual  operat- 
ing conditions.   They  were 

Cyclonic  spray  chamber  -  2.2  to  18.3  gpm/m  std  cfm 
Venturi-Cyclonic  scrubber  -  3.2  to  26.5  gpm/m  std  cfm 
Baffle  plate  impingement  column  -  14.8  to  90.9  gpm/m  std  cfm 
Variable  throat  venturi  -  6.0  to  10.6  gpm/m  std  cfm 
Typical  commercial  installations  on  this  type  of  process 
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are 

Occidental  Chemical  Company  (two-stage  cyclonic  spray 
chamber  with  a  23,000  cfm  capacity) 

Wetting  Section   -    2.2  gpm/m  acfm 

1st  Stage        -   10.9  gpm/m  acfm 

2nd  Stage        -    7.6  gpm/m  acfm 

Agrico  Chemical  Company 

Two -stage  cyclonic  spray  chamber  (55,000  cfm 

capacity)   -   5  to  8  gpm/m  aefm/stage 
Teller,  horizontal  packed  chamber  (80,000  cfm) 

-  10  gpm/m  acfm. 
None  of  the  units  studied  provided  a  sufficient 
number  of  transfer  units  to  be  acceptable  for  use  in  a 
commercial  installation  on  a  wet-process  phosphoric 
acid  plant.   It  would  appear  that  two- stage  installa- 
tions are  necessary  in  order  to  meet  the  required 
removal  efficiencies  of  greater  than  99.75  percent. 

The  following  conclusions  and  recommendations 
can  be  drawn  from  this  experimentations 

1.  The  sampling  train  and  method  of  analysis 
were  entirely  satisfactory  and  should  be 
used  in  any  future  fluoride  analyses.   The 
silica  gel  was  a  problem  but  if  specific 
care  is  taken  an  accurate  sample  can  be 
obtained . 

2.  A  mesh  type  demister  would  not  be  satisfactory 
in  this  type  of  installation.   The  silica 
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bulld--up  on  the  mesh  surfaces  rapidly  in- 
creased the  pressure  drop  across  the  demis- 
ter.   This  could  not  be  tolerated  in  a  com- 
mercial installation  because  the  energy 
requirements  would  increase  and  the  capa- 
city of  the  scrubbing  unit  would  decrease. 

3.  Generally,  the  slopes  calculated  and  con- 
sequent correlations  for  these  scrubber 

configurations  agree  with  those  found  by 

92 
Lunde    in  his  studies.   It  appears  that 

the  maximum  number  of  transfer  units  ob- 
tainable with  the  spray  chamber  scrubber  is 
less  than  3.5,  with  the  venturi- cyclonic 

scrubber  less  than  5.5,  with  the  baffle 
plate  impingement  column  less  than  5.5, 
and  with  the  variable  throat  venturi  less 
than  4.5.   None  of  the  scrubbers  alone 
would  produce  the  6  transfer  units  which  are 
commonly  recommended  for  this  type  of  opera- 
tion.  A  two-scage  installation  would  be 
required  in  order  to  attain  the  desired 
number  of  transfer  units  (or  required  removal 
efficiency) t 

4.  The  data  for  the  four  scrubbing  systems 
studied   show  the  important  relationship 
of  removal  efficiency  to  the  liquid/gas 
ratio,  and  the  fact  that  the  efficiency 
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obtainable  in  each  type  of  scrubber  decreas- 
es when  gypsum  pond  water  is  used  in  place 
of  well  water. 

5.  It  would  appear  that  well  water  and  gypsum 
pond  water  could  be  used  interchangeably 
for  scrubbing  purposes  in  this  equipment. 
However,  since  the  water  balance  in  the  wet- 
process  phosphoric  acid  plant  must  be  main- 
tained, gypsum  pond  water  would  appear  to 

be  the  most  satisfactory  scrubbing  liquid. 
It  would  not  reduce  the  efficiency  enough 
to  affect  the  performance  of  a  two -stage 
scrubbing  operation  and  would  maintain  the 
water  balance  in  the  plant. 

6.  The  venturi-cyclcnic  scrubber  proved  to  be 
the  most  satisfactory  as  far  as  operating 
performance  was  concerned.   It  would  be  the 
recommended  unit  if  the  higher  energy  re- 
quirements could  be  tolerated  in  the  process 
economic  considerations. 

7.  While  the  baffle  plate  impingement  column 
performed  well  in  these  experiments,  there 
is  an  unresolved  question  with  respect  to 

the  accumulation  of  silica  gel.   Mass  transfer 
in  this  equipment  is  developed  by  small 
interstices  which  could  become  plugged  by 
the  silica  formation,  reducing  the  efficiency 
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of  the  unit  and  adding  operating  expense. 
A  chemical  reaction  took  place  in  the  scrub- 
bing system  with  silica  gel  as  the  by-product 
of  the  reaction.   This  by-product  caused 
considerable  difficulty  throughout  the  ex- 
perimental period,  but  is  a  common  occurrence 
in  the  phosphate  fertilizer  industry.   Addi- 
tional work  should  be  undertaken  to  study 
this  problem  and  determine  some  means  of 
bringing  it  under  control.   Until  this  is 
accomplished,  it  will  be  necessary  to  shut 
commercial  scrubbing  installations  down 
periodically,  in  order  to  remove  the  silica 
gel  build-up. 

The  portable  scrubbing  pilot  plant  concept 
proved  to  be  a  highly  valuable  tool  for 
actual  field  measurement   and  control  of  a 
process  effluent  gas.   When  utilized  on 
other  processes,  it  should  provide  additional 
information  that  can  be  used  in  the  design 
of  effluent  control  systems  for  these  pro- 
cesses . 


APPENDICES 


APPENDIX  I 
RESULTS  OF  EXPERIMENTATION 


17! 


•H  04 
<  W 
P  H 

< 

H  J 

P 

w 

S3 

Oil  M 

W  --1 

§o 

O  « 

co 

X  ZD 

$z 

P-.  CO 
CO 


cd 

4->  O 

CC 
U  h 

CD  O 

a 

E  C 
CD  M 
H 


en  o 

CO       CNJ 

0)    OK 

u  u 
doc 

C0<    .rl 
CO 

CD    CX  4-J 
Q  p 


£   CD  X 

O   P  Uh 

Cn  «  < 


CD 

U  4_) 

v  O 
CD  O 

a 

E  C 
CD  H 
H 


0) 

5-1 

3  to 

CO  -H 

co   co 
CD  Oh 

C-l 


£  cd  a 

o  j-j  cu 

H    I0O 


c 

o   >, 

cuao 
ce  o  ^.cl, 

i-4    o    CO      C 

o  o 

U  H 


or\jr^^NO,-'r^cnr-icNLn^'Lnoorvwn^coo 
<ri^<r<^coco>3"CO^<t^c\jcoco<rvr<l"CNjcoir!  (-sico 


g  o 


vOCOO 

o  o^- 


•cf^cninofNiooinc^sroovor^vt-noN^n 

,-<  r-«^l-4»-Ht-'Ot-'t-'T-tOOO^I^-'Or-l^-' 


oooocnoLnooLnLnoooooooLOLnoco 

voo'0^^cn!N\fr-.iNLnoLnm^,ooNMO\rr-r^ 
oooooo>cor^coooc^c^cT>c^ONO>o>coc^c^ooaco 

(MNNH^r-'HHrHHHf-'HHt-'Hi-'HHr-IH^ 


Or--T-'*ovooNr^oocYi,_i^iin\oooT-tr-fr>»nvooMn<f 


<l"c,ir-'rvjN\j-\)"<i'LOOsooc!NOOi-ir-((NCT>crvOinN 
oocooooooooocx)oocor^r^r^oooooooooor^-r--cccooo 


^OOCOtMCOOONOON^Orxjtri^invomoOWfMCC 
t— <  t-i  »— ■  cm  r\i  rsj  cnj  n  c\j  rsj  r->  <n  co  r\i  ,-- •  ,— ■  i— •  on  <n  ,_■  co  cm 


coofM<fcO\r<frii^(NO(NOrHLn^ooonr-iNra\ 


ooo  oooooooooooooocniriLni-nLn 
LncnmoooooooooLnmLnmL'-ioooocooooo 

^DiOvOLnini/icoioin^-cf^cvooovcu/nriLoinin 


^lo^i^coo>,— •cMcor^ooc>c>o.— ^cM^f^or^ 
,— ■ 1—  *— <  ,— '  ,— •  ,— ■  ,— ■  cm  cm  cm  r-.j  cm  cm 


172 


^           r-l 

CD         cti 

ISS    4J 

ofc  c 

(X,  O  H 

60Q  TJ 

CH  -H 

•H  CO     ^ 

4->           D 

O  2  --1 

cd\.-i 

4-1  Oh 

CI    «> 

O          CO 

o     o 

u 

u 

d)    CO 

0) 

4-)    4-) 

£|lH     ffl-rl 

E 

o  c  c 

■J 

CO  3 

?", 

5-i 

H 

g 

co       o 

cC 

O    O  Q 

""^V  T-l    f— ' 

■a  4-1  w 

•H     CO 

POi  2 

cr     \ 

•H         2 

t-J         Oh 

O 

>, 

QJ  i-l  O  4-J 

T> 

CO    C   C 

•r-l 

>   ©   CD 

M 

O  -rf    O 

n 

E  O    U 

'.) 

O  -r-l     a) 

i—i 

PC  k-\  0-. 

h 

4-i 

W 

0) 

CH 

Tl 

Oh  4-> 

•H 

•H         0 

l-i 

UDO 

n 

cO  O 

S-J 

H 

4->Q 

Cn 

CH 

CD  CO 

C 

o^. 

en 

CO  c 

0) 

0  2  H 

SO 

c  o 

p^ 

Ctf 

ooooooooooooooooo  ooooo 


ooooooooooocooooo  ooooo 


r^rNOOoooN<frr>r^<l-cNi,--iO<t-r^.->Lnoo  vo  (Nnoci 
T-He^fNjcNcn(r)rorocNjcocNj<)-oioncNj^^^--i  r~>  co  cm  m  co 


ooooooooooooooooo  ooooo 


OrMCOLrKrcOvOOLOOOO\t-ONr-.0    vO  \0  LD  LD  CO 

oc^jr^r^Ln<rcNjij"ir^o<i"0>u-ivor\jo^-j  oo><f  ino 


c\i  cni  cm  oj  ,—<  r\i  ,-<  c\i  rsi  r\i ,— > , 


rN4fNif\iLnr~-r--Lnr~-<rLnrocNjOLncofNicr) 


onmo 


CNJincNvO,— (Csl^Or^r-^vt^fCO,— iCNiCO 


lo  ncom^ 


vo^ooor^r-iOOor^cOvj-Ln^Lnno^^r^rsjLn 


<T  r^Ln^H<j"r^CT\LnrNi^HO~ivd-vOLnt--'Or^-cNicv^Ovrr^ 
cnj^,^^  ,_,  h  cnj  cMfnn  cm 


\fLO\DOMn^r^n<r\f 


vDLnNfi/ir^vt-Jinocovo 


inoM^r^ONomiNCMn^inrMr^Nnin^innor^ 
^inco^omcocor^vDXic^ooooooi^cor-Niric^rHC 


rsj  co  vj-  en 


CO  .O 

I^OOCA^NCniNOOO^OOr-'NCOl-    I 


173 


PS 

w 

<  H 

h  <; 

<:  £ 

o 

o 

-1  2^ 

££ 

2 

W  £ 

S  p 

HH  CO 

,_, 

«  Dh 

,_J 

H  JH 

0-i  O 

w 

X 

l-l 

W    ' 

w 

<! 

a:  a 

H 

w  »-h 

CQ  P 

SO 

S3 

o 

a 

>^  2: 

§  cc 

Oh  a 

CO  p 

tm 

o 

CO 

0 

}-l 

i~> 

3 

0 

y 

o 

CO 

Ij 

tn 

CD  O 

a 

E 

C 

0 

i— i 

H 

co  o 

en    cnj 

<L> 

OS 

U 

J.J 

0 

o  c 

(/J 

<:  -^ 

to 

0 

a*-> 

M 

O   -^ 

ex, 

u  c 

Q  P 

•> 

0  2 

o 

J-J  tn 

H 

CC  o 

(a,  C£  < 

0 

p 

U 

3 

D 

j_i 

O 

CO 

S-i 

fn 

0  o 

c\ 

g 

c 

0 

1 — I 

H 

0 

PO 

co  M 

CO  CO 

0  D-i 

0-, 

& 

0S 

o 

jj  K 

I— 1 

Co  CD 

[n  « 

c 

o 

>, 

■H 

CO     <f 

PQO 

O\0h 

p 

co-     en 

"O 

CI 

o 

o 

MH 

h 

C    O 

PZ 

K 

cMvocr)inr^toco<finin<foo 


OLnocnoocnLnoLnoo 
oOLnvoooor-»cNrsj<r)r\ic")<f 


.-.rorMCOoOvoor^vor^^ 

•ctvfncnn^^iTKi-^cMn 


rvncNj^ionrMrMOOOi^oo 


ooocnLnLnLnLnLni-nLnLn 

ocococococococoooooco 


174 


£S    4-> 

o  fa   o 
fa  o  H 

60Q  -O 

CH  ' 

•-4  w  p 

4-1  a 

°£  : 

4-1  O-i 

O         ft 

o      a 


5-         CD 
d)        iw 

.G  4-1    CO 

e  o  c  c 

P        td  ■ 


CO 


O 


O   o  P 

\-h  H 

■a  4-i  co 

.-I   ft 
P  OS  2J 

cr     ^ 

•rl  S 

J       fa 
o 


CD  i-i   O 
•O  cd    C   C 

•r4  >    CD  CD 

S-i  O  -H  G 

O  6    O 

P  CD  -H  0) 

fa  Lm 

W 


(DCH 

■O    O  fa    4-1 
-r4   .r4  P 

~S-4    4-)"p3"0 

O  cd  O 

P     i-4 

fa   CH 
CD  C/0 

JJCOC 

2.1  O 


6  ° 

OS 


oooooooooooo 


o*— <o»— •<>J.-jOOOO<r'"NJ 


oooooooooooo 


rvjr\iLnooooo<J"^Dccco^c^o 


oooooooooooo 


,_,  ,_,  ,_,  rs|  rg  cnj  . 


,_.,,_.   CNJ   CM 


inoc<f^'ONvo<rooooNco 


<fvDLncx)rNi^c<rc^OvJ'00cv~) 


NCOfsJvfOCOnoOvO^CNO 


COvOO  00O  I —  vf  (N  Ln  o  <i"  ^1 

rvcor^cooNCOi^r^coffiOM?> 


r»  r-  <t  r-  on  • 


Or-ir-^xf  VOI — 


(-MOONOooo^Lnc"rir---ci'Ln 


LncN]Ou~>Lr><J"*-o<J"or~)Lnox 


^COdrOODCTN^'NOr-COO 

oor-ONCOoor^oooc^cx)r^r^- 


o^vDcoinoooNO^cNKrin 
—.^.-.rMrNjcMfMoooooocncn 


175 


o5 
w 

-) 

<:  w 

s 

i-l  Q 
05  M 
W  P 

XM 

W  _! 

M  O 

05  a 

p  M 

H  cq 
2  CQ 

W  P 

en 


cd 

k         4-> 

3        3 

4-)       o 

Cfl 

S-J  u. 

o  o 

ex 

E         C 

CD          M 

H 

en 

CD  O 

cr 

cfl     rsj 

c 

0)   O  K 

In   5-i 

3  o  c 

en  <;  -.-i 

Cfl 

(D   CXW 

5-i    O  -H 

cm  u  c 

Q  P 

saij: 

O    4-J  tn 

H    TOO 

txn    05    < 

O    4JCL, 

H   (JO 
h  05 


C  4-J  Q  O 
03  O\0n 
i-(   3   cfl     p- 

o  o 

Oh 


c  o 

05 


OMcocnvDho<fr-^ooco^voo)fO(»o 

^'Osf^iNNr-OOl^LO  sf  M  rvj  >-•  C7\  CC  O  On  r^ 


ooooooooooooooooooo 
rvJu~>ooo>^Or-<moo->  vjN^O\f  Ln^oco 


r_.o>Lnc>r^roc^rnoooN-^r--o>r^-cv^r^cv>^G> 

CM  ^  OMJl    ON   r^    H    d    "i"   M  r-<   H  rH    N   n    n   t<1   PI   n 


<f^vor^vooooor^r^ooocNu~iooor\ic\i<j- 
c»oor^r^r^r^r^r^r^cx3r^cx>r^oocococooooo 


cricoococMCM\foo<tLnoLnoNvO(Nvoocn 


irNmoooooooooooooLi^irNLDLn 

NiNOOOOOO^ILnOOL1^l^<l"<i'<!'CO 


^-.rsico<rinvor^oo^-'rNj 


176 


u 

,—1 

CD 

cri 

OU-, 

4-1 

o 

Ph  O  H 

60Q 

TJ 

CH 

■r-l 

•H  CO 

■J 

4-> 

C 

o  >.: 

c0\ 

^-1 

4->  (X, 

ex 

(/J 

o 

crt 

o 

o 

U 

u 

CD    0] 

(1) 

4-1     4-1 

n 

4-1    CO  -H 

o  c  c 

P 

(0  O 

?- 

S-i 

H 

s 

00  O 

cd 

OOP 
S-HH 
■O    P  CO 

•ri     CO 

cr     ^. 


(D  r-l    O 

•O  co    fi  C 

.H  >   CD  CD 

S-4  O  «-i  O 

O  E   O 

D  0  -H  CD 

rH  04   4-lP-: 


O 

CH 

■d 

Oh  J-> 

■H 

•H          p 

U 

4-J  P  O 

n 

CO  O 

P 

S-i 

1— 1 

PC 

Uh 

CD  CO 

c 

G\ 

cri 

CO  c 

CD 

02^ 

SO 

c  o 

PJZ 

(2J 


r\irNjoomosiojrNicN]t— i 


(-\lcorNjcNrslfNir-jrNj 


OOOOOOOOOOOOOOOOOOO 


CNJ  CM  CO  CM  CM  CNI  C\l 


^-<cnjc\ICn1c\1C\Ic\jc\icnJ^ 


<M^rMcNNMrMOOininoro^oonfMvon<r 

^CN>-<O<fvDOOL^'-Hn00,-OI^C,100M^ 

<J-<fin<f<f<t<J-cnrMr\iuo<^Ln<J-coooo-)rorNi 


noococooo^ONNvDor^rHvONOcovo 
oONvoiooNOO\rinooc^ntMvo<rcOvfn(N 


n\ot\io<tNMi^^ 


CO\O^ONf 


-J-vO<fr\iooor\i<l-cNjo-)LncNia\rovc 


<xiooaNOOCoo>cX)LnrNiooONC>cocor^^Dr^r--co 
C7i(^^Cy>CJNaNCT\ONON00ONCTiONONCT>ONONC^O> 


«iivrsHOOoiflinvO(Nio<t'tOMviino\oc> 
or^coor^^ONCOior^vrvOLnGMMh-ocoiN 


.— iOO^OOOCsJOOvOOOOO 


omtioo 


OOONO^O^^O 


xtmo^ioor^tNrHnr^ioriaxrcocotnfNjo 


^rvjr)<rin\cr^cOrH(Ns+in\ONCX)C7iOr-i 

I— I   t— I    ,-H    r-l    1— I    -— I    1—1   I— I    (Nl    CM 


177 


2q 

<  2: 

a9 

Oh 

-J 

<  g 

2r,  oo 

W  (X, 

S^ 
H  O 
OS 

H  ' 
Ok 

W  M 

H  O- 

OS  M 
^  -I 

H 

ss  o 


0) 

M      u 

3        3 

u      o 

cfl 

^  PH 

<D  O 

CX 

E         C 

0)        H 

H 

en 

CD  O 

cti 

co    r 

ri 

O    O  ffi 

S-i   Sk 

DOC 

CO  <   -H 

CD 

0)    CX4-I 

u  o  -^ 

Oh      S^      C 

Q  zj 

^   (U2 

opE 

H    (IjO 

Eei   «   <J 

CD  O 

a 

E         C 
CD        M 

H 


CO  00 

CU  On 


5   CD  2 

O    4-»  Oh 

En  04 


oo^vj-u-iLnooo 
cm.— <or^-^GooO"rM 


OOOOOOLOO 

CJ\,-<Ln.— {COMDv+vj- 

vor^r^ocoor-vovo 


•d-  en  co  --h  o  o  lo  to 


C 
o  ^ 

4-1   -rl     03        -C 

C  4J  Q  O 

co   O  \CU 

i-l    D    CO      CO 

Pi  T3   C  ffi 
O   O 
S-iH 
0-, 


oooincnininin 
cNCMrsioooooooooo 

ooLOLniriLntnLnLo 


c  o 

DS2 
OS 


178 


U            r-l 

<D        cfl 

2=S  4-J 

Ofe    & 

0-  O  H 

60Q  -O 

CH-r) 

•H  W    P 

4-J           O 

OX  -H 

CC^,-! 

4-1  Pu, 

CK   w 

O         CO 

O        C5 

U 

U         CD   co 

0)         <-«— 1    4-J 

JD   C(_|     CD   -r-l 

E   O   C   C 

3         cu  O 

Z         S-i 

H 

2 

fc 

co       o 

ti 

O    O  Q 

\-ri  H 

HUM 

•^   cti 

3P^2 

cr     -^ 

5    £ 

o 

^ 

CD  r-l    O    4-J 

■On!  C  c 

■rA    >    CD    CD 

P     O  -r-l     O 

o  e  o  ^ 

2  CD  -rt    CD 

r-l  OS   <4-lP-. 

Cx.        cm 

W 

CD  CH 

■dofau 

•r-l  -r-l               P 

(4  4JDO 

O  cSO 

P  S-i 

HUQ 

fe  CH 

CDC/) 

c  o\ 

SCO    C 

CD  OZ  M 

^O 

C    Ol 

D2 

« 

C  LO  0~)  HflnvJ 

rJOONOOnN 


00000000 


CnJCnJCnJ,— 'r- <C\|0-)C\l 


<f  co  n  cm  cnj  cni 


1  r-  <T  00  lo  o\  en 


LO  ON  CMH  O  (N  (N  CO 


r- 1  r-i  <-  r-  o  r<  o 


rxj  rsi  O  Ln 


179 


o 

l-l           4-) 

3         D 

4-J          O 

d 

S-i   fa 

(DO 

a 

E       c 

O        I— 1 

H 

CTj 

en  O 

rO 

en     c\ 

O 

Pressure 
Drop  Aero 
Unit  in  H 

i« 

£  OS 

P  w 

o  uE 

J  H 

H(8G 

o< 

fa  OS  <J 

o  3= 

H  -J 

ZkJ 

w  w 

0 

2  ^ 

H           4-> 

w 

D        3 

<f 

O     ' 

U        O 

■z 

CO 

Hfl 

^  fa 

H 

Pi  M 

0  o 

-J 

2  p 

fa 

m 

H  cy 

E         C 

< 

' — i 

0)        H 

H 

H                 T3 

H 

3g    -d 

CD 

Dl.  M               C 

M 

pq 

DO 

W  pg         _) 

en  i— i 

-1  ^ 

en  co 

fa  OS 

CD  fa 

fa  O 

J-i 

<jj  CO 

fa 

PQ 

Flow 
Rate 

GPM 

4->  -H  CC  < 
C  4->Q  O 
CO  O  \fa 
,-t   3  en     r 

o  o 

fa 


g  o 

OS 


onr-.conr^O(Ncoo<roio^m<rconcMON 
oo^ooooNOOr-ftNONOOOoooor^o>ONOC?«oo 


r^i^r^oor^^ooovocx)r~-oooooooor--r-r^cx)co 


\£)\ovor^\fsfr^h-Nr^*o^N03in\oooouio 
(N(NOC7\cooonnconcor^inLnr^<f^coNrL'"' 


(Nvfsrcho^cooNorNJcnvOinr^or^cio^c 
nnnrNino'lsi-enLriiriLnsj'vl-vfnN-c'iOCNco 


vr^OOCOOOvOOCOOOM^tNOCOmsfONO^ 


covovooo^Ln^^r^uic^oOTHr^sfr^r-K) 


incOlOCA(7>^00NrM^OvO 


rsi  m  <r  co  o 


<tCOC?OOO^rHtnO\NvO 

,— I  MNrHNH  .— !   .-I 


minininmininir.Lnininooooooooo 
rNirM(NrMNN(MrHrH^rHLninLni.nLriLnLnLnLn 
lo  in  m  in  in  lo  en  i —  r^r^i^inmin^'<"v'\r'<r<f 


180 


M 

r-l 

0J 

01 

:§>: 

4-1 

Oh 

0 

0<  O  H 

aOQ 

•a 

C  H 

■H 

■H  CO 

D 

4-1 

n 

o  2: 

CO  \--l 

•P  cu 

ex 

CO 

0 

CD 

0 

O 

u 

S-i 

CD 

CO 

<D 

1+H 

4-' 

.a  Ih   en 

>H 

£ 

0  c 

C 

'~> 

cd  3 

K 

5-i 

H 

en 

;  ) 

co 

O    OQ 

\-r-l 

H 

-d  4-J  CO 

•H    CC 

DC*  S 

cr 

\ 

•H 

S 

0 

P*> 

CD  H     - 

4-1 

-a 

to"  C 

c 

•H 

>  (1) 

(1) 

J-J 

O  -H 

O 

0 

fa    0 

!- 

:) 

0  -i-l 

(i) 

i-i 

es  imOl, 

fc 

0) 

d  H 

■o 

nu, 

4_> 

•i-4 

- 

U 

4-130 

0 

CO  O 

p 

S-4 

H 

4-1  Q 

fc 

CM 
CD  CO 

c 

o\ 

cfl 

CC3 

c 

CJJ 

O  2 

[— 1 

^ 

O 

c 

n 

25 

on 

i^<taOvccx)o^<tcocor\irooN--i-d-cnL--ico<r<r 
Ln<rcnooLocn<j-cocnLn<j-r--r^v£>cT\L'-)rov]"Ln<r) 


oocoooooooooooooooco 


00000000000000000000 


00000 


00000000000000 


<j"<t"COLnmcNjrocNjc^j<l"rr) 


\r<f  \r<rfNjn 


r^r^ooDOMOMnoor^o 


lo  cm  <r  <f  o\  m  r- iinr^r^otMO\cONi^rH' 


o  co  <•  c>  vo  r~- o  r^  ro  ex;  o  m       00  o -h  co  o  <f  00 

<rcocn\o^o^CM^-r^cocM^vDCA^Oi-<cO\fn 


MrOCOCINOCnonrtNTrHrH 


cor\j\rLnmmnor^^(Nj\tr)i/i^vooont^sr 


co  <f  m  \c  go  cr*  o 


r-,^-,^^-,^^-,^^^-  CNJ  CM  CN!  CNJ  C\ 


181 


04 

w 

g  H 

§  <; 

O  P 

hS 

W  2 

o  f^ 

ss  >^ 

MO 

CU 
2    ' 

M 

P 
W  H 

H  D 

w  o 

Cu  H 

<  CQ 

o 

CO 


u  Ph 

cd  o 

Q 

E        C 

0          1— 1 

H 

CO 

en  o 

tf 

01     r 

CO 

CO   OK 

S-j   S-i 

0  o  c 

CO  <   -H 

to 

cu  a^ 

M    O  -rA 

cu  u  c 

a  p 

MS 

o  ±j  E 

ph  nJO 

Pn  c£  < 

a; 

i-i 

4-) 

3 

3 

4-1 

O 

cfl 

M 

tn 

CD  O 

D 

b 

c 

(,) 

H 

CD 

J-l 

PO 

CO  1— 1 

coco 

CD  Oh 

U 

Oh 

£ 

CD  2: 

O 

4-)  CU 

t— i 

ca  0 

En  « 

c 

o 

4J  -H    >,    -tf 

C   OQCL 
M   D-^    en 

o  o 

U  H 
Oh 


C    O 


ONO'OOoLninLn<r>d" 
r^corecTNfNr-iooco 


ncnoocncN'Ooonn 
oooor^ooor-r-oocn 


o  r\j  Ln  cm  o  o  om  in 
vovooovOr-ncocn-cj-Ln 
cninNcncncocnnco 


gn  cni  co  <r  o  >— icnjvJ-lo 


i-H  rH  o  00  in  vo  r^- co  o 


olohqimooolo 


LninLnoLnLOLncnin 

CN  f\J  C\J  LT,   CNJ  Csl  CM  CNJ  CNI 

ininLnLnLnLiLnioin 


182 


u 

i-t 

CD 

ctl 

O  fa 

o 

Q*OH 

60Q 

•a 

CH 

•r-l 

■H  00 

IJ 

4-J 

f7 

o-?: 

■H 

cd\ 

H-l 

4->  Oh 

Cffi 

CD 

o 

cr 

a 

o 

J-j  CD    CO 

CD  iwU 

J3  1«     Ol-rl 

E  O   C   C 

P  COP 

2  £ 


CO 


O 


O    O  Q 

-a  -p  co 

•  r-1      C3 

cr 

,-J  fa 

O 


CD  rH 

*0  03 

•r4  > 

U  O 

O  E 

P  CD 

r-l  PS 
fa 


o 

c  c 

0  CD 

•H  O 

O  U 

•r-4  CD 

lH  fa 


W 


(DCH 
■O   Oh   ^ 
•H  -H         p 
^  PO  O 

o  cd  o 

P  p. 

fa    CH 

0  CO 

C   O-v. 

cd  c  a 


c  o 

PZ 

c£ 


<r^cnco^-icooorsjr-~| 

ON  CO  M.T  f°,  <r  <f  O  N 

ooooooooo 

NrH\fcoLno^ivM 

ooooooooo 

cNjoaNONomincooN 
<|-"sl-r\j<rcNjcocoo">ro 

ooooooooo 

r-<(Nvj'0'0^\i'cor- 
vD^mLp,  o~>  ,— <  r\i  o  <N 

vJ-^-vfoorsjencn^r^r 

o-^cOLnovTor^oo 

OOONCOrHlNfOLOvD 

ocor^.—  ^r~»'— icor- 

ocooor^o^^ococo 

CT\0>O>GN0>C7\0nONOn 

LO  sT  O  VD  CO  -h  vO  CO  >- 

wHOMiii^hLniN^ 

Loino^(M<i  Minvo 

vrcCO\^rOLnr^--^ 
<rtNiocon>oninn 

i— KNNOirivcr-~03c? 
>— i  CM  C\|  r\j  rsj  rsi 

183 


•J 

<  OS 

££ 

w  < 


Dm  W 


OS  D 

w 

£2  1 — 1 

3 

H  p 

CQ 

z  o- 

< 

W  M 

H 

>-J 

HO 

<  2 

O  M 

OS  CQ 

SS 

OS 

W  O 

i-J  w 

CQ 

3 

OS 

< 

> 

en  O 
CO     r 

0)    OK 

u  u 

DOC 
en  <  -H 
en 

o  a  p 

U      Q    -r4 

P-i    U    £ 

a  p 


O  Ufe 

ih  cao 

Tt.  rv  .^ 


O 

P 

P 

U  C  fa 
CD  M  O 
& 


cm  .—i  r^--  cm  co  vo  oo 


O  o  O  iO  u~i  o  lh 

o  t-h  n  \f  h- <C  O 

r^  oo  oo  oo  r-  r~-  r- 


J    (C2  r^  CN  (N  O  (N  M  o 

O  tJ  0-i 

h  (iio         in  n  sj-  n  r^  r^  o 

fa  os 


C  J-1 
CO  o 
H   0 

On  -a 
o 

0h 


o  o 

\Oh 


c  o 

OS 


in  in  m  m  in  in  m 

CM  CM  CM  CM  CNl  CNJ  CM 

in  in  in  in  m  in  in 


.— <  cm  co  <r  in  vo  r- 


^ 

r^ 

CD 

cti 

SS 

ofa 

c 

o-,o  ^ 

&0Q  -a 

CH 

•1-' 

•H  CO 

-1 

4-1 

a 

OS 

•H 

cO\fal 

4->  fa 

Cfa 

CO 

0 

cd 

0 

O 

5-i 

u 

O 

CO 

<D 

fa 

4-1 

.n  fa  co 

•r-l 

E 

O  c 

C 

a 

CO 

z 

H 

2 

fa 

en 

O 

cO 

OOO 

\-r-i 

H 

■OPW 

•r-J     CO 

Dfa  2 

cr 

^ 

2 

fa! 

C 

>N 

(DH    (j 

4J 

■a 

CO    C 

C 

>  0 

O 

h 

0  -H 

O 

o 

E  O 

^1 

p 

CD  -H 

C< 

H«IhA 

fa 

fa 

fa 

CD 

CH 

■a 

Ofa 

JJ 

sN 

brJ 

b 

$J 

4-J  fa  O 

O 

CO  O 

P 

S-i 

i-H 

4-JQ 

fa 

CH 
0  00 

c 

o\ 

EC 

CO 

C 

CD 

OS 

2:0 

c 

c 

32 

fa 

cnj  rM  cni  cni  n  n  <;- 


OOOOOOO 


cMfNUNrMnnr) 


cm  o-j  cni  cm  n  PO  cn 


co  r^  lt,  lo  o  --i  <j" 


cm  co  on  o  00  <r  <f 


r-  r-~  on  co 


in  00  m  vo  00  o  00 


rt  (M  n  \i  co  o  [n 


185 


Z  Q 
W  2 
23  P 
H  D-. 

a; 

eg 

KM  O 
O      I 

H 
Z  P 

W  H 

>& 

H  i-i 

SJ 

p  o 


0 
Sj 
P 

u 

cd 

^  c  p 

(DM  O 

ex 

E 

<D 
H 


en  o 
en     r\i 

CD    O  P 

u  u 
0  o  c 

en  <c  .H 

CO 

CD  CX  P 

5-1  O  -H 

P  S-j   c 

p  3 


H  rJU 
fe  Di  < 


0 

PO 

CO  M 
CO  C/} 

CD  P 
S-i 

p 


&  ©  2 

O    4-J  P 

.  .-I    3  0 
P  P 


O  >, 

•P  -i-i  cd     < 

C  J-1  O  O 

i—i  D  cn     r 

p  -o  c  P 

o  o 

P 


r\i  o  On  r--  r\l  oo 


commorMO 
in  .— i  m  oo  cm  vo 
co  oo  r--  r^  r^-  r^ 


O  -— i  u~i  CO  O  CM 


o  o  oo  o  o 

m  in  in  in  m  in 

O  vO  O  MI)  vO  vO 


cN  en  st  in 


186 


U         1-1 

co  in  o  cm  lo  i— i 

0         cO 

CNJ    LP)    ,— (   V£>    r-H    <T 

£2   P 

C  fr,    O 

(N(Nnn<-in 

CLiOH 

ooc  -o 

Ch   -H 

.— i  en  vo  o  r-~  r~- 

■rA   CO      0 

O  O  O  .-h  H  c 

p       a 

O  S  -H 

o  o  o  o  o  o 

co  \>J 

H  fX, 

CI     K 

CM  r>  j  <r  c\i  oo  <r 

O         cd 

CM  LT)  O  LO  0>  CO 

o      o 

u 

P 

(1) 

'J. 

a) 

tw 

p 

.o  k-t 

CO 

.,- 

h 

o 

d 

c 

■J 

cO 

J2 

& 

u 

ra       o 

co 

O    O  Q 
^.•PH 

•H    CO 

cr     \ 

-q      E 

o 


CD  i-l 

■d  co 

■P  > 

u  o 

o  e 

P  0) 
En 


o  P 

a  c 

CD  CD 

•H  O 

O  5-i 

•r-l  CD 

4-1  Pm 


W 


(DCH 

•U  Oh 

•P  -H 

P  P  p  o 

O  rd  O 

3  P 

HJJQ 

hCH 

(DOT. 

c  o-»>. 

CO  C  O 

52 

CD  O  S 

— 

SO 

c  o 

<S2 


OJ  CM  CO  CO  CO  CO 


CM  CM  CO  CM  CO  CM 


co  o  vo  r^  uo  o 


vo  r-  co  in  csj  co 


r- 1  cn  co  <r  m  vd 


APPENDIX    II 
CALCULATIONS 


where 


II  CALCULATIONS 
Fluoride  Removal 
m8  F-/std  cu  ft  .  0000(18.99) 

H   =  molarity  of  impinger  solution,  determined 

from  calibration  curve,  moles  F~/liter 
V   =  volume  of  impinger  sample,  ml 
18.99  =  molecular  weight  of  fluorine 
QSD  =  corrected  volume  of  dry  effluent  gas  sampled, 
cu  ft 
=  total  volume  sampled  [i_ (Vapor  pressure  at  Tm}] 

Tm  =  absolute  temperature  at  the  dry  gas  meter,  °R 
Ts  -  standard  temperature,  68°F  +  460°  =  528°R 
Pm  =  absolute  pressure  at  the  dry  gas  meter, 

inches  Hg 
Ps  =  standard  pressure,  inches  Hg 

mg/std  cu  m  =  (mg/std  cu  ft)(35.3l4) 

Removal  efficiency  =  ( ^r. — — )  x  100 

where : 

Ci   =  inlet  concentration,  mg/std  cu  ft 
Co   =  outlet  concentration,  mg/std  cu  ft 
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Number  of  Transfer  Units 
Number  of  transfer  units  =  In  [ ~ f — 1 

1  -  <im>" 

where : 

E  =  removal  efficiency 

Contacting  Power 

Liquid  Phase  Contacting  Power 

(HpHgpm) 
HPL  ~    (1714)(QS) 

where : 

HPL  =  contactine  power  in  liquid  phase,  HP, /m 

std  cfm 

gpm  =  liquid  flow  rate 

Hp   =  pressure  of  liquid,  psig 

1714  =  conversion  factor 

Qs   =  corrected  effluent  gas  flow  rate  at  29.92 

inches  Hg  and  68°F,  m  std  cfm 

Gas  Phase  Contacting;  Power 
HPG  =  (0.1575)(Qs)(  P) 

where : 

HPG  =  contacting  power  in  gas  phase,  HPG/m  std 
cfm 

Qs   =  effluent  gas  flow  rate  at  standard  condi- 
tions of  29.92  inches  Hg  and  68°  F,  m 
std  cfm 
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P   =  pressure  digs  across  scrubber,  inches  H?0 
0.1575  =  conversion  factor 

Total  Contacting  Power 
HPT  =  HPQ  +  HPL 

where : 

HP-  =  total  contacting  power,  HP^/m  std  cfm 

HPq  =  gas  contacting  power,  HP.-, /in  std  cfm 

HP.  =  liquid  contacting  power,  HP./m  std  cfm 
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